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Abstract 
The work presented in this thesis relates to the electrochemistry of 
biomolecules at the polarised liquid – liquid interface. The work aims to 
enhance the knowledge of the fundamental behaviour of proteins at the 
interface between two immiscible electrolyte solutions. This understanding is 
vital for utilisation of the interface between two immiscible electrolyte 
solutions (ITIES) as a platform for biomolecular sensing.  
The electrochemistry of myoglobin was investigated at the aqueous – organic 
interface. Using cyclic voltammetry it was found to show a linear current 
response to concentration of protein in the aqueous phase. Myoglobin was 
shown to produce a voltammetric response only when protonated. It was 
found that increasing the ionic strength of the aqueous phase resulted in larger 
and more distinct peaks, attributed to the salting out effect, which can be 
related to the Hofmeister series. The adsorption – desorption mechanism 
proposed was investigated by investigating simple ion transfer in the presence 
of the protein, where it was found that the protein distorted tetraethyl 
ammonium transfer.  
The issue of selective detection of proteins and peptides was investigated 
using three different approaches. 
The first approach relates to the investigation of amylin. It was found that due 
to the properties of the polypeptide that it could be detected at physiological 
pH, where it is charged due to its iso-electric point. Although a slight 
reduction in sensitivity is observed when using physiological pH a linear 
response to concentration was observed. Amylin was detected in a protein 
mixture containing haemoglobin and myoglobin at physiological pH. This 
study indicated that simply adjusting the pH can tune the electrochemistry to 
achieve selectivity. 
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Another approach was employed to the detection of insulin in the presence of 
albumin. Adsorptive stripping voltammetry was used to characterise the 
adsorption behaviour of the proteins. It was found that insulin and albumin 
have different optimum adsorption potentials. This allowed for the detection 
of insulin in the presence of albumin by selection of the appropriate 
adsorption potential, where one protein was adsorbed over another in solution 
of both proteins.  
An initial investigation into the behaviour of anti – albumin antibodies and its 
interactions with albumin were undertaken. It was shown that at physiological 
pH no electrochemistry was observable, although adsorption of the protein 
and antibody at the liquid – liquid interface is expected. At pH of 2 the 
antibody showed little response as did the albumin. When the albumin and 
antibody are allowed to interact at pH 2 there is an observable increase in ion 
transfer at the positive end of the potential window. This may be due to non 
specific interactions between the protein and the antibody. 
The interactions between an anionic surfactant and proteins were investigated 
at an array of microinterfaces. It was found that the presence of the surfactant 
in the organic phase enhanced the adsorption of the protein resulting in an 
increase in observed peak currents when compared to the same experiments 
without surfactant present. The mechanism of interaction between the 
surfactant and protein was investigated using the surfactant anion as the anion 
as an electrolyte which showed a new adsorption process that was dependant 
on the presence of surfactant. It was found that for cytochrome c, repeated 
voltammetric cycling increased the amount of adsorbed protein and therefore 
the peak currents observed.  
Adsorptive stripping voltammetry was used to characterise the adsorption 
characteristics of cytochrome c at the interface between two immiscible 
electrolyte solutions. The effects of adsorption time and bulk concentration 
were investigated and showed that upon reaching a certain interfacial 
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concentration of protein a saturation point is reached, as observed in a plateau 
in electrochemical response. It was found that upon accumulation of protein 
over longer periods of time the voltammetric response changed from a single 
peaked response to a double and triple peak. It is hypothesised that the protein 
is forming aggregates under the conditions of low pH and molecular crowding 
at the interface as a result of the applied potential. 
The results presented provide a deeper understanding into the electrochemical 
behaviour of biomolecules at the interface between two immiscible electrolyte 
solutions. 
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Chapter 1 
Introduction 
1.1 Principles of electrochemistry  
1.1.1 Solid state electrochemistry 
Electrochemistry can be defined as the study of the relationship between 
chemical and electrical processes.1 There are many processes which can occur 
but will generally fall into either one of two possible categories. These are (1) 
the study of the physical or chemical processes which occur due to the flow of 
current or (2) the study of the electrical phenomena produced by chemical 
reactions. 1, 2 
Typically electrochemistry will be carried out at the interface between a solid 
electrode and a conductive electrolyte solution, where charge transfer 
processes such as oxidation and reduction occur at the solid liquid interface. 
Under conditions where the potential difference between the electronic 
conductor (electrode) and the ionic conductor (electrolyte) is great enough, 
electrons can transfer from one species to another. The case of electrons 
moving from the electrode to electrolyte is referred to as a reduction current; 
when the electrons are transferred from the electrolyte to the electrode, this is 
referred to as an oxidation current.1, 2  
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Figure: 1.1.1: Illustration of the electron transfer process which occur at 
solid-liquid interfaces. The electron is transferred from a high energy level in 
the solid to a lower unoccupied molecular orbital of a species in solution 
(reduction) or the species in solution transfers an electron to the lower energy 
electrode surface (oxidation)  
This is illustrated in Figure 1.1.1, where it can be seen that when the potential 
difference is varied, which can be achieved by using an external power source, 
the relative energy level of the electrons in the electrode are changed, so that 
they may have a higher relative energy to that of unoccupied molecular 
orbitals in the electrolyte, promoting electron transfer to that species, or in the 
case where the energy of electrons in the electrode is reduced relative to that 
of the electrolyte, electrons will transfer from electrolyte to electrode. These 
processes can be related to the standard potentials for reaction occurring in an 
electrochemical cell , E 0.1-3 In a reaction where a species O is reduced to a 
species  
(O	+	ne‐	⇌	R1)	Eqn	1.1.1	
R1, such as in Eqn 1.1.1 where O is the oxidised species, R is the reduced 
species and ne- is the number of electrons involved in the reaction. The 
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relationship between the activities of O and R can be related to free energy of 
the system, as in Eqn 1.1.2.  
∆ܩ ൌ 	∆ܩ଴ ൅ ܴ݈ܶ݊ ௔೚௔ೃ    Eqn 1.1.2 
Where ∆ܩ (J mol-1) is the Gibbs free energy, ∆ܩ° is the standard free energy 
(J mol-1), R is the gas constant (8.314 J mol-1K-1), T is temperature (K) ܽ௢ and 
ܽோ and the activities of species O and R respectively (mol L-1). From this 
relation between the concentrations of oxidised and reduced species and the 
Gibbs free energy the potential, E (V) can be found.  
∆ܩ଴ ൌ 	െ݊ܨܧ଴    Eqn 1.1.3 
Shown in equation 1.1.3 is the relationship between ∆ܩ° the standard free 
energy (J mol-1), and the standard potential difference ܧ଴ (V), n is the number 
of electrons and F is the Faraday constant (96,485 C mol-1). The standard 
potential difference is in reference to a system where there is no external 
voltage or current source present. These relationships are the basis for the 
formation of the Nernst equation,1-3 Eqn 1.1.4, where E is potential difference 
(V). 
ܧ ൌ ܧ଴ ൅ ோ்௡ி ݈݊
௔೚
௔ೃ  Eqn 1.1.4 
This important equation shows how the concentrations of the electroactive 
species O and R can be related to the potential difference of a cell.  
1.1.2 Faradaic and non-faradaic processes 
The electrical processes occurring in an electrochemical cell can be defined in 
distinct categories, faradaic and non faradaic processes. Faradaic processes are 
those concerned with chemical reactions taking place (oxidation and 
reduction) which produce an electrical response. These processes are 
governed by Faraday’s law, Eqn 1.1.5.  
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ܳ ൌ ݊ܨܰ   Eqn 1.1.5 
Where Q is total charge passed (C), n is the number of electrons, F is the 
Faraday constant (96,485 C mol-1) and N is moles (mol).This equation relates 
the charge produced to the amount of product.  
Whereas non faradaic processes are all other processes which occur besides 
redox reactions, these non faradaic processes follow Ohm’s law, Eqn 1.1.6. 
where V is voltage (V), R is resistance (Ω) and ݅ is current (A). 
ܸ ൌ ܴ݅    Eqn 1.1.6 
 Adsorption of charged molecules at the solid – liquid interface and electrolyte 
composition are examples of factors which affect non-faradaic processes. 
1.1.3 Polarisable and non polarisable interfaces 
For non-spontaneous processes which will not occur at equilibrium, a 
potential difference must be applied. The difference between the applied 
potential ሺܧሻ and the equilibrium potential ሺܧ௘௤ሻ is referred to as the 
overpotential ሺߟሻ, as shown in Eqn 1.1.17. 
ߟ ൌ ܧ െ ܧ௘௤   Eqn 1.1.17 
 An ideally polarisable electrode is one in which there are no charge transfer 
currents produced with any given applied potential. In reality no electrode will 
behave this way, but can have a potential region in which this behaviour is 
observed.1, 2 On the other hand an ideally non-polarisable electrode is one 
which shows no change in potential with the passage of current.  
1.1.4 Electrical double layer 
As the electrochemistry observed is dependent on the interface between the 
solid electrode and the electrolyte it is useful to be able to describe its 
structure. The electrolyte region can be considered as several distinct layers, 
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the inner Helmholtz plane, the outer Helmholtz plane and the diffuse layer, as 
can be seen from Figure 1.1.2(a).
 
Figure 1.1.2: Showing the representation of the electrode – solution interface, 
where the inner Helmholtz plane (ф1) and outer Helmholtz plane (ф2) and the 
diffuse layer are shown in figure (a). фM, ф2 and фS refer to galvani potential 
of the metal, solvated cation and the electrolyte respectively, shown in figure 
(b).   
(a) 
(b) 
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The first distinct region is called the inner Helmholtz plane (IHP). This is 
where there are molecules closest to the electrode, consisting of solvent 
molecules or specifically adsorbed ions which are attracted to the electrode 
through electrostatic forces.1-3 The locus of the IHP is found at distance χ1 
from the interface. The ions found at the IHP are non- solvated, whereas 
solvated ions are found no closer than a distance χ2, which is referred to as the 
outer Helmholtz plane (OHP). The interactions between ions and the electrode 
are formed through long range electrostatic forces which are independent of 
chemical structure. The solvated ions are referred to as being non-specifically 
adsorbed. The IHP and OHP can be referred to as the compact layer, there is a 
strong interaction between this layer and the electrode. Beyond the OHP, 
extending into the bulk solution is the diffuse layer containing non-
specifically adsorbed solvated ions. The diffuse layer is considered in three 
dimensions and its length is dependent on potential difference and electrolyte 
concentration.1-3 Since electro-neutrality must be maintained, the excess 
charge on the electrode surface must equal the charge of surrounding layers of 
ions in the solution. This results in two distinct potential/distance profiles 
corresponding to the compact layer and the diffuse layer. The compact layer 
potential follows a linear relationship with distance, whereas the diffuse layer 
potential has an exponential relation to distance, as can be seen in Figure 
1.1.2(b). The electric double layer can be thought of as a capacitor. An ideal 
capacitor follows Eqn 1.1.8, where q is charge stored by the capacitor (C), E is 
the potential across the capacitor and C is the capacitance (F). 
ݍ ൌ ܥܧ     Eqn 1.1.8 
The capacitance of the electrical double layer or Cdl is given by the 
combination of the capacitance of the compact and diffuse layers and can be 
defined by equation 1.1.9, 
ݍ ൌ ܥௗ௟ܣ൫ܧ െ ܧ௣௭௖൯    Eqn 1.1.9 
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where A is the area (cm2) and ܧ௣௭௖ is the potential of zero charge . It is this 
double layer capacitance which contributes to charging current (background 
current), which is a non-faradaic process. In general the faradaic currents are 
those which are utilised for analytical purposes. 
1.1.4 Mass transport 
For a given electrochemical reaction, assuming a simple case where no 
additional chemical or physical processes occur, the reaction is governed by 
mass transport of the electroactive species to the electrode, its electron transfer 
at the electrode surface and its transport away from the electrode after the 
redox reaction. When reaction rates are controlled by the rate at which the 
electroactive species arrives to the electrode, the reaction is considered to be 
mass transport limited. 1-3  
There are three ways in which mass transport can occur. 
1) Diffusion – this is the movement of a species due to concentration 
gradients.  
2) Convection – this mass transport is due to natural density gradients or 
physical forces such as stirring of the solution. 
3) Migration – where mass transport occurs due to the influence of an 
electric field (potential gradient) 
Mass transport to an electrode, in which the dimensions and shape of the 
electrode become important, obeys the Nernst – Planck equation, Eqn 1.1.10, 
ܬ௜ሺݔሻ ൌ െܦ௜ డ஼೔ሺ௫ሻడ௫ െ
௭೔ி
ோ் ܦ௜ܥ௜
డథሺ௫ሻ
డ௫ ൅ ܥ௜ݒሺݔሻ    Eqn 1.1.10 
where ܬ௜ሺݔሻ is the flux of species ݅ (mol s-1 cm-2) at a distance ݔ from the 
electrode surface, ܦ௜ is the diffusion coefficient (cm2 s-1), డ஼೔ሺ௫ሻడ௫  is the 
concentration gradient at distance ݔ, ݖ௜ is the charge (dimensionless) on the 
species ݅, ܥ௜ is the concentration (mol cm-3), డథሺ௫ሻడ௫  is the potential gradient 
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along the ݔ-axis and ݒሺݔሻ is the hydrodynamic velocity (cm s-1). The three 
terms in the equation for flux (ܬ௜ሻ are related to diffusion, migration and 
convection, respectively. The migration term can be removed by addition of a 
supporting electrolyte far in excess of analyte concentrations and the 
convection term can be removed by having a non-stirred solution at a fixed 
temperature, thus simplifying the equation as shown in Eqn 1.1.11, 
ܬ௜ሺݔ, ݐሻ ൌ െܦ௜ డ஼೔ሺ௫,௧ሻడ௫      Eqn 1.1.11 
where ݐ is the time. This is Fick’s first law of diffusion and describes the flux 
of a species at a given time and position in relation to concentration.2 With the 
removal of the migration and convection terms the current and flux can be 
related by Eqn 1.1.12, where ܣ	is the area of the electrode surface (cm-2) 
݅ ൌ െ݊ܨܣܬ    Eqn 1.1.12 
By combining Eqn 1.1.10 and 1.1.11 a general equation for current response 
in a diffusion limited system is given (Eqn 1.1.13). 
݅ ൌ ݊ܨܣܦ డ஼೔ሺ௫,௧ሻడ௫    Eqn 1.1.13 
The resulting term for time dependant diffusional flux is governed by Fick’s 
second law, given in eqn 1.1.14. 
డ஼೔ሺ௫,௧ሻ
డ௧ ൌ ܦ
డమሺ௫,௧ሻ
డ௫మ    Eqn 1.1.14 
Fick’s second law describes the concentration profile of a species with respect 
to time between two given points.2, 3 In this case it is assumed to be between 
two parallel planes which are perpendicular to the direction of diffusion, thus 
describing linear diffusion to a surface. In an electrochemical experiment the 
diffusion profile is dependent on the geometry of the electrode, therefore the 
equations need to be modified to correctly represent the geometry used. This 
can be achieved through the use of a mathematical approach using Laplace 
transformations which can account for diffusion to different geometries.   
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1.2 Electrochemistry at the interface between two 
immiscible electrolyte solutions (ITIES) 
1.2.1 Background of electrochemistry at the ITIES  
The core of the work in this thesis is based on electrochemistry at the interface 
between two immiscible electrolyte solutions (ITIES). The ITIES is formed 
when two immiscible solutions come into contact, ideally these solutions have 
no miscibility, but in reality they will have a very low miscibility.4 Typically 
this interface is formed between an organic and an aqueous phase, each 
containing a dissolved electrolyte. Generally the organic solvent is polar and 
must have a large enough dielectric permittivity to dissociate, or at least 
partially dissociate, the electrolyte.4, 5 It is this polarisable interface where the 
electrochemistry of interest occurs, typically in the form of ion transfer from 
one phase to another,6-9 although less commonly observed, redox reactions at 
the liquid –liquid interface are also possible.10, 11 There are several key 
advantages of using the ITIES for electrochemistry. Unlike conventional 
redox chemistry, electrochemistry at the ITIES enables the analysis of 
analytes which are not redox active or which have complications associated 
with their redox chemistry such as surface fouling.5 The only requirement is 
that the analyte has a charge (or can be charged), so often controlling the pH 
allows for varying the electrochemical behaviour observed. A particular 
advantage in the area of bioanalytical measurements is that the ITIES can be 
used for label free detection of biomolecules. This has received particular 
interest and will be further discussed in section 1.2.8. The ITIES is also 
amenable to miniaturisation which is a major driving force behind 
electrochemical sensor technology. Originally, macro - scaled experiments 
were used, 6, 12 followed by the development of a micro - sized ITIES7, 13-15 
and nanoscale ITIES.16-20 Since the development of the ITIES in the late 
1970s where Koryta et al. showed that the ITIES could be used as an ideally 
polarised electrode to observe ion transfer21, and the subsequent development 
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of the first 4-electrode electrochemical ITIES22, the area has developed 
considerably. The liquid – liquid interface has been used to study simple ion 
transfer,9, 23 assisted ion transfer, 8, 24and a range of analytes such as 
aminoglycoside antibiotics,25 DNA,26-28 neurotransmitters such as dopamine 
and noradrenaline29 30, 31 and protons.32 As well as a large variety of analytes 
being used and the miniaturisation of the liquid – liquid interface, the ITIES 
has also been integrated with other techniques such as flow cells for flow 
injection analysis,33, 34 capillary electrophoresis35, 36 and ion chromatography.37 
1.2.2 Structure of the ITIES 
The earliest structural model of the ITIES was developed by Verwey and 
Niessen,38 which considered the interface to be equivalent to back - to - back 
diffuse layers, which is based on the Gouy-Chapman theory. This model 
proposed that one side of the interface contained excess positive charge and 
the other contained an excess negative charge as shown in Figure 1.2.1 (A). 
Gavach et al. modified this theory to include a non-ionic layer between the 
two charged phases. This interfacial layer is said to contain orientated solvent 
molecules. This model is known as the modified Verwey – Niessen (MVN) 
model, shown in Figure 1.2.1 (B).4, 39 Girault et al. further probed the 
interfacial structure, in particular  showing that the interface was unlikely to 
be a region with a rigid divide between the two unmixed layers, rather that it 
would be a mixed-solvent layer which would have a constantly changing 
composition.40 The molecular dynamics (MD) simulations carried out by 
Benjamin41 showed that although the interface is molecularly sharp it has 
distortions from capillary waves which give it a rough shape, as depicted in 
Figure 1.2.1 (C).   
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A B C
 
Figure 1.2.1: Schematic representations of the interfacial structure 
represented by the Verwey – Niessen model (A), the modified Verwey – 
Niessen model (B) and the molecular dynamics model (C). 
Strutwolf et al. investigated the liquid – liquid interfacial structure using 
neutron reflectivity, where it was shown that interface had a root mean square 
roughness of less than 10 Հ.42 Further evidence for the theory of a rough 
interface was provided by Richmond et al. by the combination of vibrational 
spectroscopy with molecular dynamics simulations. It was shown that the 
experimentally generated spectra, which provide information about the 
interfacial structure, are in good agreement with spectra generated from 
molecular dynamics simulations.43  Schlossman et al. used synchrotron X-ray 
reflectivity to study the distribution of ions at an aqueous – organic interface.44 
It was found that the experimental results differed from what is predicted 
when using the Gouy – Chapman theory and modified Verwey – Niessen 
theories as these descriptions do not sufficiently account for the interfacial 
liquid structure, which impacts the distribution of ions across it45.    
1.2.3 Theory of liquid – liquid electrochemistry 
When two immiscible electrolyte solutions come into contact it is the 
distribution of ions across this interface which gives rise to a potential 
difference, as shown in equation 1.2.1. 
Δ௢௪߶ ൌ ߶ሺݓሻ െ ߶ሺ݋ሻ	  Eqn 1.2.1 
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Where ߶ is the Galvani interfacial potential difference for the aqueous (w) and 
organic phases (o)2 
At equilibrium and under constant temperature and pressure the 
electrochemical potential in the solution phases follows the relationship in 
Equation 1.2.2. 
̅ߤ௜ሺݓሻ ൌ ̅ߤ௜ሺ݋ሻ   Eqn 1.2.2 
Where ̅ߤ௜ is the electrochemical potential of an ion, ݅,  in either the aqueous 
(w) or organic (o) phase.  
The electrochemical potential for a given component in a phase is given by 
equation 1.2.3 where ̅ߤ௜௢ is the standard chemical potential of component ݅ in 
phase ሺߙሻ, ܽ is the activity of ion ݅, z is the charge of the ion and ߶ is the 
electrical potential of the phase. 
̅ߤ௜ఈ ൌ ̅ߤ௜௢,ఈ ൅ ܴ݈ܶ݊ܽ௜ఈ ൅ ݖ௜ܨ߶ఈ    Eqn 1.2.3 
Under equilibrium conditions where equation 1.2.2 applies, the 
electrochemical potentials can be described by equation 1.2.4 for a two phase 
system, with phases ߙ and ߚ. 
̅ߤ௜௢, ൅ ܴ݈ܶ݊ܽ௜ఈ ൅ ݖ௜ܨ߶ఈ ൌ 	 ̅ߤ௜௢,ఉ ൅ ܴ݈ܶ݊ܽ௜ఉ ൅ ݖ௜ܨ߶ఉ    Eqn 1.2.4 
This relationship allows the expression of the Galvani interfacial potential 
difference between phases ߙ and ߚ	as a Nernst - type equation, shown in 
equation 1.2.5. 
Δఉఈ߶ ൌ ߶ఈ െ ߶ఉ ൌ 	Δఉఈ߶௜௢ ൅ ோ்௭೔ி ݈݊
௔೔ഁ
௔೔ഀ
  Eqn 1.2.5 
Where Δఉఈ߶௜௢ is the standard Galvani potential difference for ion transfer and 
can be defined by equation 1.2.6. 
Δఉఈ߶௜௢ ൌ ୼ഁ
ഀୋ೔೚
௭೔ி ൌ
ఓ೔೚,ഁିఓ೔೚,ഀ
௭೔ி     Eqn 1.2.6 
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From equation 1.2.6 ΔఉఈG௜௢ is the Gibbs energy of ion transfer from phase (ߙ) 
to phase (ߚ). If an ion has a large positive value for  ΔఉఈG௜௢ it is said to be 
hydrophilic and those with large negative values are said to be hydrophobic. 
As the standard potential for ion transfer, Δఉఈ߶௜௢, is constant, the interfacial 
potential difference, Δఉఈ߶, is directly related to the activity or concentration of 
the species ݅ in each phase,  ܽ௜ఉ/	ܽ௜ఈ. Therefore, by manipulation of the 
interfacial potential difference, the equilibrium can be shifted and ions 
transferred from one phase to another. This is the fundamental basis for 
performing electrochemical experiments at the ITIES, whereby application of 
a potential difference across the liquid – liquid interface, driven by an external 
source, induces ion transfer across the ITIES, producing an electric current. It 
is also worth noting that the potential difference across the interface, Δఉఈ߶, can 
be altered without an external power source by changing the concentrations of 
ions in each phase, thereby altering the  ܽ௜ఉ/	ܽ௜ఈ term in equation 1.2.5 . 
1.2.4 Polarisable and non-polarisable ITIES 
An ideally polarisable ITIES is one in which will not undergo faradaic charge 
transfer when a potential difference is applied across the interface. This is 
achieved by having an aqueous phase with a sufficiently hydrophilic 
electrolyte, A1+B1- and an organic phase with a sufficiently hydrophobic 
electrolyte, A2+B2-, which in theory will not transfer across the interface under 
any applied potential difference. In reality these electrolytes do transfer across 
the interface when sufficient energy is applied and the relevant Gibbs transfer 
energy is exceeded. It is these transfer potentials of the background electrolyte 
which govern the potential window available experimentally. A non-
polarisable ITIES is one where current is allowed to pass through the interface 
but the potential difference remains at its equilibrium value. An ideally non 
polarisable ITIES is achieved by having a common ion for the electrolyte used 
in each phase, for example a common cation A3+ in each phase with different 
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anions would result in a partition between A3+B1- and A3+B2-. In this case B1- 
and B2- are hydrophilic and hydrophobic enough to remain in the aqueous and 
organic phases respectively and A3+ is free to transfer between the two phases, 
which will mean that the Galvani potential difference of the interface in now 
dependant on the activity of  A3+ following equation 1.2.7. 
Δఉఈ߶ ൌ Δఉఈ߶஺య௢ ൅ ோ்ி ݈݊
௔ಲయశ
ഁ
௔ಲయశഀ
  Eqn 1.2.7 
1.2.5 Ion transfer at the ITIES 
To demonstrate how the electrochemical signals are generated at the ITIES, 
two examples will be used. Firstly, cyclic voltammetry (CV) of an 
electrochemical cell containing only background electrolyte will be 
considered, followed by a cell containing a simple ion such as tetraethyl 
ammonium (TEA+), also containing background electrolyte. The background 
electrolyte considered will be hydrochloric acid (HCl) for the aqueous phase 
and bis(triphenylphosphoranylidene)ammonium tetrakis(4-
chlorophenyl)borate (BTPPA+TPBCl-) in the organic phase, which will be 
1,6-dichlorohexane (1,6-DCH). The direction of polarisation will be in the 
positive direction, meaning that the aqueous phase will be more positive at a 
more positive potential difference. By convention it is given that positive 
currents are produced by positive ions transferring from the aqueous to the 
organic phase and negative ions transferring from the organic to the aqueous. 
The opposite applies for negative currents which are attributed to anions 
transferring from the aqueous to the organic phase and for cations transferring 
from the organic to the aqueous phase.   
Shown in Figure 1.2.2 is a typical CV of background electrolyte, also referred 
to as a blank CV. The region from 0 V to 0.2 V shows change in current with 
potential difference. Upon application of 0 V the BTPPA+ transfers to the 
aqueous phase and Cl- to the organic phase. Approaching 0.2 V the BTPPA+ 
and Cl- transfer back to the organic and aqueous phases respectively. The flat 
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region from 0.2 V to 0.8 V is the polarisation region, where no faradaic 
current is observed across the ITIES, non faradaic currents are still present and 
are what contribute to the observed charging currents in this voltage region. At 
the voltage region between 0.8 V and 1.0 V again background electrolyte is 
transferred, H+ is transferred to the organic phase producing positive currents 
and the TPBCl- s transferred to the aqueous phase producing negative currents. 
If suitable electrolytes are chosen and no additional reactions occur, then this 
process can be cycled from 0 V to 1 V and back to 0 V repetitively with very 
reproducible voltammograms being obtained.  
 
Figure 1.2.2: Cyclic voltammetry of background electrolytes, aqueous 10 mM 
HCl and 10 mM BTPPA+TPBCl- in 1,6-DCH, using an 8 pore array, with a 
pore diameter of 20 µm.   
The region of most significance from an experimental viewpoint is the 
polarisation window, in this case from approximately 0.2 V to 0.8 V where no 
background electrolyte transfer occurs. In this region the transfer of ions can 
be observed if the potential difference allows the ion to overcome its Gibbs 
energy of transfer, as shown in equation 1.2.6 and will not have their signal 
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interfered with due to background currents, although the current produced 
must be large enough to be observed above the background charging current. 
In Figure 1.2.3 the simple ion transfer of TEA+ is shown, which is added to 
the aqueous phase as a chloride salt, therefore no additional peaks due to 
anion transfer will be observed in the polarisation window. At ~0.6 V on the 
forward scan the TEA+ begins to transfer which is observed as an increase in 
positive current, at ~ 0.75 V it reaches a steady state current. This is due to the 
geometry of the microinterfaces used in the experiments and will be discussed 
in section 1.2.6. On the reverse scan, as the potential becomes more negative 
the TEA+ starts to transfer back to the organic phase at ~0.75 V this time with 
a peak shape response with a negative current. The transfer potentials are 
related to the Gibbs energy of transfer as discussed previously and the 
magnitude of the peaks are often useful analytically as they can be related to 
concentration of an analyte.  
 
 
Figure 1.2.3: Cyclic voltammetry of 10 µM TEA+  in background 
electrolytes, aqueous 10 mM HCl and 10 mM BTPPA+TPBCl- in 1,6-DCH. 
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1.2.6 Micro ITIES (µ-ITIES) 
Although the origins of liquid-liquid electrochemistry date back to the 
beginning of the 20th century with the work of Nernst and Risenfield46 the first 
occurrence of what would become the typical platform for liquid-liquid 
electrochemical experiments came from the development of a 4 electrode 
potentiostat by Samec et al.6, 47 This setup used a 0.01 M LiCl aqueous 
solution and a nitrobenzene (NB) organic solution of 0.05 M 
tetrabutylammonium tetraphenylborate (TBA TPB). Two Ag/AgCl reference 
electrodes were used, one in contact with the aqueous phase and the other with 
the organic phase. This was achieved by use of Luggin capillaries to aqueous 
and organic phases. To ensure only the water/nitrobenzene interface was 
polarisable the Luggin capillary in contact with the aqueous phase was filled 
with 0.01 M aqueous LiCl and the capillary in contact with the nitrobenzene 
phase was filled with 0.05 M aqueous tetrabutylammonium chloride. A large 
Pt counter electrode was immersed in each phase, where the connecting wire 
was protected from its surroundings with a glass casing. This experimental 
setup can be used to observe charge transfer events across the liquid-liquid 
interface. Although there is a trend towards using micro sized or smaller 
interfaces since the pioneering work of Girualt,7, 14 the 4-electrode setup is still 
being employed by researchers worldwide. 28, 48, 49  
As with conventional electrochemical methods, miniaturisation of the ITIES 
offer a number of benefits over their macro counterparts, such as smaller size 
and portability, increased mass transport rates, reduced ohmic drop and 
charging currents, ease of data analysis and integration into complimentary 
techniques.50, 51 As stated above the ITIES was first miniaturised to micro 
scale by Girault and co-workers where the organic electrolyte was held inside 
a glass pipette with a micron sized tip, which formed a micro ITIES when 
immersed in an aqueous electrolyte.7 This miniature interface produced radial 
or spherical diffusion of analyte to the interface, analogous to that of a solid 
state microelectrode.52, 53 By definition microelectrodes contain at least one 
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dimension less than 50 µm, referred to as the critical dimension, which is 
smaller than the diffusion layer thickness, resulting in radial diffusion to the 
interface and the resulting steady state voltammetry.8, 52-54 An alternative 
method for developing micro scale ITIES was also developed by Girault et al. 
where an ultraviolet eximer laser was used to photo ablate a thin polymer 
membrane resulting in circular holes of ~ 20 µm in diameter.14 Thus there are 
two options for preparation of µ-ITIES, either by use of a micro scaled pulled 
glass pipette,7, 8, 24, 55, 56 or with a porous membrane13, 14, 57, 58. For the 
experiments used in this work micro interface arrays was used. The arrays are 
fabricated from silicon wafers, using photolithographic patterning, potassium 
hydroxide (KOH) etching and deep reactive ion etching (DRIE). This results 
in an etched pore with a hydrophobic interior wall, allowing the organic phase 
to enter the pores and result in an inlaid geometry.57 An example of a 30-pore 
array is illustrated in Figure 1.2.4. The pores are ~ 20 µm in diameter and 
have a pore to pore separation of ~ 200 µm with a depth of ~ 100 µm. 
 
 
Figure 1.2.4: Scanning electron microscope (SEM) images of a silicon 
micropore array containing 30 pores with a diameter of ~ 20 µm, a pore to 
pore separation of ~ 200 µm and a depth of ~ 100 µm. Images taken at 
Tyndall National Institute.   
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1.2.7 Advancements in electrochemistry at the ITIES 
The work by Vanýsek et al.in 1984 was among the earliest work involving 
protein behaviour at the ITIES. In this work the charge transfer of Cs+ ions 
across the macro scale ITIES was investigated in the presence of proteins, 
namely ovalbumin, colicines and bovine serum albumin (BSA).59 It was 
shown through CV and impedance studies that the proteins adsorbed at the 
interface hindered the otherwise reversible transfer of Cs+ ions. It was also 
noted that upon adsorption of the proteins to the water - nitrobenzene 
interface, contact denaturation occurred and a white precipitate was observed. 
At this point the protein itself was not directly observed by voltammetry, 
rather a shortening of the available potential window was observed upon 
addition of the protein to the aqueous phase due to adsorption at the interface. 
 In 1990 this work was extended with further impedance and voltammetric 
studies of BSA adsorbed at the water/nitrobenzene interface, where it was 
shown through capacitance measurements that the adsorbed protein formed a 
monolayer depending on bulk concentrations and that the adsorbed protein 
affected the distribution of ions at the interface.60 
In the late 1990s the transfer of oligopeptides at the ITIES was investigated by 
Osakai and Sawada.61 In this work the transfer of oligopeptides was shown to 
be possible under acidic conditions, where the amino group would be 
protonated and that the transfer potential could be related to the 
hydrophobicity of the peptides. The facilitated transfer of the oligopeptides 
was also investigated, by adding an ionophore (dibenzo-18-crown-6) to the 
organic phase. The protonated oligopeptides were also shown to undergo a 
facilitated transfer in the presence of the ionophores, which was indicated by 
lower transfer potentials relative to the unassisted simple ion transfer.  
The work by Williams group in 2000 investigated the electron transfer 
reactions of the enzyme glucose oxidase at the water/1,2-Dichloroethane 
interface by SECM.62 The glucose – glucose oxidase reaction was mediated 
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by dimethyl ferricinium (DiMFc) in the organic phase. The glucose oxidase 
was adsorbed at the interface where neutral surfactant was present to prevent 
denaturation of the enzyme. The DiMFc was recycled in organic phase 
electrochemically by the SECM tip. 
Dryfe and colleagues investigated the charge transfer properties of 
cytochrome c mediated by 1,1’-dimethylferrocene (DMFeCp2) at the ITIES.10 
It was shown that when the aqueous phase protein was in its oxidised form 
that a heterogeneous electron transfer reaction with DMFeCp2 could be 
induced electrochemically, giving an observable response by using CV.  This 
electron transfer process across the ITIES resembles charge transfer processes 
which occur in vivo, hence the interest in this platform as a simple model of a 
biological membrane.  
The transfer of an anionic surfactant across the oil – water interface was 
investigated by Kakiuchi et al. in 2002.63 The results showed that in the 
presence of such surface active molecules, unusual and chaotic currents are 
produced, by the transfer of surfactants across the ITIES. This was attributed 
to an electrochemical instability, caused by the presence of the ionic 
surfactant. These results were in agreement with the proposed thermodynamic 
model presented in a previous paper that year.64 
In 2004 Sugihara et al. also investigated the glucose oxidase catalysed 
reaction with mediators present in the organic phase.11 It was found that the 
enzyme reaction could be controlled when an ionic mediator, DiMFc+ was 
present in the organic phase. This was due to the ability to electrochemically 
control the transfer of DiMFc+ to the aqueous phase, where it undergoes 
spontaneous reduction in the presence of the glucose oxidase enzyme.  
The first reported electrochemically driven transfer of a protein across the 
ITIES was reported by Karyakin’s group.65 The non redox active protein, α-
chymotrypsin, was found to be solubilised by the formation of reverse 
micelles in the organic phase, although this was only observed as an increase 
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in an already present background current, attributed to the transfer of cations 
in the aqueous phase to reverse micelles formed under applied potentials.  
The first case of unassisted ion transfer of a protein or polypeptide came in 
2003 with the work of Amemiya et al. where the electrochemistry of 
protamines was investigated, in this case a micro - sized interface was 
achieved through the use of micro pipettes .66 The protamines are highly 
arginine rich, which gives a large positive charge (~20) at physiological pH or 
below. It was shown that the protamines exhibited steady state current 
responses on the forward voltammetric sweep, indicating radial transfer, 
similar to that of a model cation tetraethyl ammonium, TEA+. The effects of 
varying the organic phase polarity was also investigated. On moving from 
nitrobenzene to a more relatively non polar solvent, 1,6-dichlorohexane, the 
voltammetric response of the protamines varied significantly. The steady state 
behaviour of the forward sweep was replaced by a pair of peaks. These peaks 
were attributed to the adsorption of protamines to the interface followed by a 
transfer process. The large reverse peak was attributed to release of the 
accumulated charge back to the aqueous phase on the reverse sweep. 
Although it is clear that the nature of the organic phase plays a role in the 
behaviour of the polypeptide, the details of the mechanisms would still need 
further investigation to clarify the processes occurring at or near the interface.  
Further work by the group was published in 2004 showing the selective 
detection of protamine by facilitated ion transfer with the surfactant 
dinonylnaphthalenesulfonate (DNNS).67 The reaction mechanism was 
investigated through the use of micropipettes where the voltammetry can be 
more easily interpreted by the shape of the volatmmetric responses obtained. 
It was proposed that firstly the DNNS adsorbs at the interface, after which 
interfacial complexation with the charged protamine occurs. This complex 
then transfers into the organic phase from the interface. 
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Kakiuchi and co-workers extended their work in the area of electrochemical 
instability of the ITIES due to ion transfer of surfactants in 2004. The work 
showed that even when there is a positive surface tension, the transfer of 
cationic surfactants still resulted in an electrochemical instability.68 It was also 
shown that the complexation of metal ions with an anionic surfactant, Triton 
X-405, resulted in interfacial instability. Thus showing that not only ion 
transfer, but also complexation processes, induce the electrochemical 
instability of the interface.69 
 In 2005 the group investigated the polysaccharide, heparin, at the micro  
liquid-liquid interface.70 The selective detection of heparin was found to be 
possible when a suitably hydrophobic quaternary ammonium species was 
present in the organic phase. It was found that the heparin undergoes a 
facilitated ion transfer process with the quaternary ammonium ions due to 
interfacial complexation. This work also addressed the points of sensitivity, in 
terms of relevant clinical concentrations, and selectivity in complex media. In 
buffered solution, a detection limit of 0.012 unit/mL was achieved, an order of 
magnitude lower than therapeutic heparin concentrations. Experiments were 
also carried out in sheep blood plasma where interferences due to dissolved 
salts and plasma proteins were observed. However heparin detection was still 
found to be possible; with stripping voltammetry (SV) a detection limit of 
0.13 unit/mL was achieved, which is still lower than the therapeutic 
concentrations of heparin which are >0.2 unit/mL.  
Also in 2005 Vagin et al. investigated a series of proteins and surfactants 
interactions at the interface between an aqueous and redox - polymer 
containing organic phase which was immobilised on a carbon electrode. It was 
shown that proteins could be transferred in reverse micelles to the organic 
phase to counter balance the charge produced by the redox activity of the 
polymer in the organic phase.71 
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 In 2006 Osakai’s group investigated the electroactivity of proteins in the 
presence of surfactants, although unlike previous studies by Vagin et al. the 
surfactant was added as a  hydrophobic tetrapently ammonium salt which 
prevented spontaneous micelle formation.72 This study showed that it was 
possible to achieve a response for the facilitated transfer of a protein by the 
surfactant, which was observed as a separate response to the process 
associated with micelle formation. It was found that at acidic pH values of 3.4, 
the protein, cytochrome c was found to aggregate at the interface, while at a 
pH of 7 cytochrome c appeared to form stable complexes with the reverse 
micelles in the organic phase. The authors also investigated the behaviour of 
the protein in the absence of surfactant and found that an electrochemical 
response was observed when running the CV at an acidic pH. It was proposed 
that the adsorbed cationic protein facilitated the transfer of the organic ion, 
resulting in the voltammetric response.   
Samec’s group published work in 2007 where counter ion binding to 
protamine was investigated using conductometry, cyclic voltametry and quasi-
elastic light scattering (QELS). It was concluded that ion pairing between the 
organic anion and protamine results in the facilitated transfer of the positively 
charged protamine to the organic phase, but the authors suggest that the ion 
pair forms on the aqueous side of the interface.73  
Further work in the area of electrochemical instability at the liquid – liquid 
interface was carried out by Kitazumi et at. in 2007. It was shown that the 
instability caused by the transfer of decylammonium ions across a 
micropipette interface, which produces irregular but reproducible currents, 
was dependant on the size of the interface used and the concentration of the 
ammonium ions in solution.74 
 In 2008 Osakai’s group extended their earlier work by further investigating 
the mechanism of cytochrome c extraction of micelles, it was found that the 
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addition of the surfactant increased the interfacial potential, which reduced the 
interfacial tension allowing protein containing reverse micelles to be formed.75  
The electrochemistry of a synthetic heparin mimic, Arixtra, was investigated 
by Amemiya’s group using micropipette interfaces. The formal potentials and 
rate constants were found to be dependent on the ionophore used.  It was also 
shown that using a primary ammonium group provided selective detection of 
the heparin mimetic at physiological pH in the presence of a major interfering 
anion, Cl-. The primary ammonium ionophores were found to have more 
preferable binding properties as compared to the quaternary ammonium 
groups typically employed in other traditional potentiometric based methods.76  
In 2008 Arrigan’s group investigated haemoglobin behaviour at the ITIES, 
where it was found that at pH > pI of the protein, where it would be neutral or 
anionic, no charge transfer events were observable. After bulk ionolysis of the 
haemoglobin and subsequent measurements of the organic phase by UV/vis 
spectrophotometry it was found that no protein was present. The authors 
suggested that rather than the anion facilitating the transfer of the protein, it 
was the protein which was facilitating the transfer of the anion to the aqueous 
phase.77 Similar behaviour was observed in the investigation of insulin by the 
group, where a detection limit of 2.5 µM was achieved by CV and 1 µM by 
square wave stripping voltametry.78 Lysozyme was also studied in terms of its 
behaviour at the ITIES, the relationship between forward peak current and 
charge on the protein was investigated and agreed very well with the model 
predicted using the modified Randles-Sevcik equation, which uses the charge 
on the ion, rather than the number of electrons. Again, this was pointing 
towards facilitated transfer of the anion which is dependent on the charge of 
the protein.79   
In 2010 Osakai and colleagues investigated the interactions of several proteins 
with various surfactants at the water/DCE interface.80 In this work an 
adsorption/desorption mechanism was suggested while the aqueous phase was 
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relatively acidic. The authors proposed a model of protein/surfactant 
interaction based on the charge of the protein and its hydrophobicity. These 
parameters were correlated with the potential at which the voltammetric wave 
begins, although it was clear that many other parameters could affect the 
observed voltametry due to its underlying complexity.  
Herzog et al. investigated the electrochemistry of protein digest at the µ-ITIES 
using enzymes. It was found that each protein studied gave a unique 
electrochemical response after digestion and also that the choice of enzyme 
also altered the response of the digested protein.81 This provided an alternative 
approach to electrochemical detection of biomolecules at the ITIES. Also in 
2010 Herzog et al. looked at the dependence of tertiary structure of 
haemoglobin on its electroactivity at the liquid-liquid interface by chemically 
denaturing the protein prior to undergoing CV.82 It was found that although a 
current response was still achievable the denatured protein showed a much 
more diminished response, indicating the importance of tertiary structure to 
protein electrochemistry at the ITIES.  
In 2010 Kakiuchi et al. further developed the theory of electrochemical 
instability, by developing an improved theoretical model.83 The theoretical 
electrocapillary curves were found to be in good agreement with the 
experimental data.  
The behaviour of lysozyme and insulin was evaluated by voltammetry at the 
interface between an aqueous phase and a gellified organic phase contained 
within a micropore array by Scanlon et al. 84, where it was determined that the 
same mechanistic principles apply to such interfaces as with its macro 
counterpart. It was shown that the proteins adsorb at the aqueous side of the 
interface, which was evident from the disruption of the normal steady state 
behaviour of the tetraethyl ammonium cation (TEA+) which occurs due to the 
radial diffusion from the aqueous to organic phases at an inlaid micro-
interface.  
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In 2011 Herzog and colleagues extended previous work where the 
electroactivity of denatured haemoglobin was investigated at the ITIES and 
used this principle to monitor unfolding of the protein by CV and extract 
thermodynamic properties such as free energy of folding and protein 
compactness from experimental data.85 This work highlighted the usefulness 
of the ITIES as a simple platform not only for sensing but also for biophysical 
investigations.  
The work of Zhai et al. investigated the conformational changes that occur for 
α-lactalbumin upon adsorption to the oil/water interface using synchrotron 
radiation circular dichroism spectroscopy, front-face tryptophan fluorescence 
spectroscopy and dual polarisation interferometry, 86 which indicated that the 
hydrophobic core becomes unfolded and a new non-native secondary structure 
is present. These findings agree with the proposed mechanism for facilitated 
ion transfer where interactions between hydrophobic regions of the protein 
and the hydrophobic electrolyte occur.84  
The formation of dielectric layers and charge regulation of proteins in 
adsorbed layers at the ITIES was studied by Jensen’s group.87 A model was 
developed to evaluate the net charge of a protein adsorbed at the ITIES as 
compared to that of the bulk solution, which is said to be generally lower as 
the adsorbed protein undergoes charge regulation at the interface.   
In an effort to improve detection limits towards more biologically relevant 
concentrations, an adsorptive stripping approach was developed by Alvarez 
et.al 88, where detection limits as low as 30 nM were achieved. This approach 
involved preconcentrating or accumulating protein at the interface by a fixed 
applied potential, which was tuned for optimal adsorption of lysozyme. This 
technique gave a 10-fold improvement over previously reported detection 
limits of lysozyme, although for many proteins of clinical relevance, lower 
limits of detection are still necessary.  
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A method for detection of albumin in urine was developed by Osakai’s group, 
where a flow cell was used which had porous tubing to allow contact with an 
organic phase containing an anionic surfactant, DNNS-.89It was found that 
after some pre treatment by dialysis and dilutions, that albumin could be 
detected down to 1.2 µM, which is in the region of clinically relevant 
concentrations. However as the authors state, interfering effects in a real 
sample are still likely as other proteins will be present and the system is not 
likely selective for albumin.  
1.2.8 Aims of this work 
The aim of this work is to further develop the understanding of the 
electrochemistry of biomacromolecules at the polarised liquid – liquid 
interface. Increasing knowledge in this area may lead to future development in 
biosensor technology. The two main themes in this thesis are (I) the study of 
the fundamental behaviour of biomacromolecules at the interface between two 
immiscible electrolyte solutions and (II) an investigation into methods to 
improve sensitivity and selectivity of biomacromolecular detection using 
liquid –liquid electrochemistry. 
 
The specific objectives of the work presented in this thesis are: 
 Uncovering the fundamental behaviour of myoglobin at the µ-ITIES, 
where the ion transfer electrochemistry of the protein is characterised 
by voltammetric methods. (Chapter 3) 
 
 Investigating the issue of selective detection of biomacromolecules at 
the ITIES. Several different approaches were utilised in the exploration 
of this topic. (Chapter 4)  
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 The effects of addition of a surfactant to the organic phase on protein 
detection. The mechanism of interaction between the protein and the 
surfactant is studied. The work also investigates the effects of the 
surfactant on the analytical performance of protein detection at the 
ITIES. (Chapter 5) 
 
 The exploration of the fundamental behaviour of proteins under 
conditions of prolonged adsorption at the interface due to the use of 
adsorptive stripping voltammetry. (Chapter 6) 
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Chapter 2 
 Experimental materials and methods 
2.1 Liquid – liquid electrochemical set-up 
2.1.1: The electrochemical cell 
In this section the experimental set-up of the liquid – liquid electrochemical 
cell will be discussed. The experiments performed at the µ-ITIES utilise a two 
electrode set-up, which becomes possible due to the low currents observed as 
a result of the micro sized interfaces.7  Although the electrochemistry of 
interest is performed at the interface between the organic phase and the 
aqueous phase, there are four interfaces in total which contribute to the 
working electrochemical cell used (interfaces such as those formed between 
the glass or the membrane and its surroundings are not considered). The four 
interfaces are: (1) The aqueous phase is in contact with the solid electrode 
forming a solid – aqueous interface, (2) the aqueous – organic interface, (3) 
the organic – organic reference solution interface and (4) the solution for the 
organic reference electrode – electrode interface. This liquid – liquid 
electrochemical arrangement is as shown in the schematic in Figure 2.1.1. The 
composition of the electrodes and the solutions used will be detailed in section 
2.1.2. It is the aqueous - organic phase interface which is the only polarisable 
interface in the electrochemical cell. The potential difference at this interface 
is controlled by application of an external voltage through two silver/silver 
chloride (Ag/AgCl) electrodes which are connected to the potentiostat with 
crocodile clips. The other interfaces are non-polarisable. For all experiments 
the electrochemical cell is housed in a Faraday cage. All electrochemical 
experiments are performed at room temperature and in unstirred solutions.  
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Figure 2.1.1: Schematic of the µ-ITIES array experimental set-up.  
2.1.2: The electrodes and electrolytes 
There are only two electrodes used in the µ-ITIES experiment as compared to 
its macro counterpart which typically uses a four electrode cell, with two 
counter electrodes and two reference electrodes developed by Samec et al.22 
The micro interfaces provide a greater current density, but overall a smaller 
magnitude in current is observed, in the region of nano amps (nA) is typical. 
This allows for the use of a two electrode set-up where the counter electrodes 
that are normally used to compensate ohmic drop are no longer necessary and 
the reference electrode can suffice on its own.  
The electrodes used are Ag/AgCl, which is produced by oxidising silver wire 
in a solution of ferric chloride (FeCl3). The Ag/AgCl electrodes are non-
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polarisable due to the presence of chloride as a common ion, following 
equation 2.1.1.  
ܣ݃ܥ݈ሺ௦ሻ ൅ ݁ି ⇌ ܣ݃ሺ௦ሻ ൅ ܥ݈ି   Eqn 2.1.1 
The Ag/AgCl electrode has a standard potential, ܧ଴, of 0.22249 V against the 
standard hydrogen electrode, as given by the IUPAC definition.90 
The aqueous phase will have an electrolyte which is a chloride salt, such as 
lithium chloride (LiCl) or hydrochloric acid (HCl). This provides a non – 
polarisable interface between the Ag/AgCl electrode and the aqueous solution. 
The other Ag/AgCl electrode is immersed in the solution for the organic 
reference electrode. This aqueous solution contains a chloride salt also, as to 
form another non-polarisable interface with the electrode. The salt is typically 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl- ), which 
importantly has a common ion not only with the Ag/AgCl electrode but also 
with the organic phase which contains BTPPA+ TPBCl- to ensure no 
polarisable interfaces are formed.  
The remaining interface is the one between the aqueous, containing an 
electrolyte such as HCl, and the organic phase containing an electrolyte such 
as bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate 
(BTPPA+ TPBCl-), where there are no common ions on either side. Therefore 
this polarisable interface will follow equation 1.2.5, where the concentration 
of ions on either side of the interface is determined by the potential difference 
across the interface. It should be noted that the potential of transfer of an ion 
across the interface is not equivalent to its standard transfer potential as the 
potential difference applied is a sum of the potential differences at the two 
Ag/AgCl electrodes, the reference phase potential and the aqueous – organic 
phase potential.91    
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2.1.3 µ-ITIES set-up 
The µ – ITIES was formed by utilising a silicon membrane array with eight or 
thirty micropores. The pores are arranged in a hexagonal pattern with diameter 
of 22 µm and a pore to pore separation of 400 µm for the eight pore design 
and a diameter of 22.4 µm and a pore-to-pore separation of 200 µm for the 
thirty pore design as can be seen in Figures 2.1.2 and 2.1.3 respectively 
 
 
Figure 2.1.2:  SEM image of an 8 micropore array. 
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Figure 2.1.3:  SEM image of a 30 micropore array 
 
The membrane is attached to the end of a glass tube with silicone rubber 
(Acetic acid curing Selleys glass silicone, Selleys Australia and New 
Zealand). The organic phase of 1,6-DCH  was gellified for mechanical 
stability and prepared as follows: 
 A 10 mM solution of BTPPA+ TPBCl- (preparation of the electrolyte is 
describe in appendix A) is prepared in 1,6-DCH in a 10 mL beaker. 
 The solution is allowed to dissolve by stirring on a hotplate with a 
magnetic stirrer. The beaker is sealed with Parafilm to ensure no loss of 
solvent. 
 Once dissolved the solution is heated to 60 °C and 10 % w/v of low 
molecular weight poly(vinyl chloride) (PVC) is added slowly. 
 The solution is stirred on the hotplate until the PVC is fully dissolved, 
which will result in a clear gel. 
 The organic gel is the added to the inside of the tube with the attached 
micropore array using a glass Pasteur pipette which has been heated on 
the hot plate to ensure the gel does not solidify before reaching the 
micropore interface array. 
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 Once the gel is added to the micropore array, it is allowed to set for 1 
hour prior to use.  
Once the gel has set it can be used for electrochemical experiments. The 
organic reference solution is added into the glass tube above the gelled 
organic phase, into which a Ag/AgCl electrode is immersed. The Ag/AgCl 
electrode must not penetrate the organic gel. The glass tube is immersed into a 
10 mL beaker containing 10 mM electrolyte (typically HCl) and the second 
Ag/AgCl electrode is immersed into the aqueous phase. Once the two 
electrodes are connected to the potentiostat the cell is complete, as shown in 
Figure 2.1.1. 
2.1.4 Diffusion profiles at micro interfaces 
The diffusion profiles of micro ITIES were first described by Girault et al. in 
the 1980’s,7, 92 where it was observed that steady state peaks were obtained for 
ion transfer on the forward voltammetric sweep and peak shape responses 
were obtained on the reverse sweep. This was attributed to the geometry of the 
interface where radial or spherical diffusion occurs from the aqueous phase to 
the organic phase due to the inlaid geometry formed when the organic phase 
fills the micron sized pipette tip. The linear diffusion on the reverse sweep is 
attributed to the geometry, in which the ions are confined within the walls of 
the pipette tip and diffusion is limited to one direction. The same description 
applies to micropores also, as illustrated in Figure 2.1.4, where the organic 
phase fills the pore and forms an inlaid geometry. This feature of varying 
diffusion profiles causes the asymmetry observed for the voltammetric 
responses at such interfaces as seen in Figure 1.2.3.  
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Figure 2.1.4: Illustration of diffusion profiles at an interface located at the 
mouth of a micropore showing radial diffusion from the aqueous phase and 
linear diffusion from the organic phase. The arrows indicate the direction of 
diffusion. 
The electrochemical response of the µ-ITIES is analogous to that of a 
microdisc electrode93-95 and follows equation 1.2.8 for the steady sate current. 
݅௦௦ ൌ 4ݖܨܦܥݎ  Eqn 2.1.2 
Where ݅௦௦ is the steady state current (A), ݖ, ܦ and ܥ are the charge 
(dimensionless), diffusion coefficient (cm2 s-1) and bulk concentration (mol 
cm-3) of the ion, respectively and ݎ is the radius of the electrode (cm). The 
value of the first term, which is 4 in this case, is related to the type of 
interface. This is the value corresponding to a disc - shaped microelectrode, 
whereas the value for a micropipette will be 3.35ߨ.50 For an array of micro 
interfaces, not only the size of the pore but the spacing between them becomes 
important in determining the diffusional behaviour observed. If the electrodes, 
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or interfaces in this case, are spaced too close together the diffusion regimes 
will overlap and linear diffusion will be observed rather than radial, as 
illustrated in Figure 2.1.5. If the spacing is far enough apart the pores will 
have independent diffusion and radial diffusion will be achieved as seen in 
Figure 2.1.6.52, 54, 96  
 
Figure 2.1.5: Schematic of a micropore array which has diffusional overlap 
causing linear diffusion from the aqueous side. 
The optimal conditions are those in which each pore behaves independent of 
the others with respect to diffusional overlap, but the greatest number of pores 
per unit area is still achieved so as to produce the largest current.53 To achieve 
optimal conditions the pore to pore distances must satisfy equation 2.1.3. 
0.5ݎ௖ ൐ ߜ   Eqn 2.1.3 
Where ݎ௖ is the pore centre to centre separation, and ߜ is the greatest extension 
of the diffusion zone from a micropore.  
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Figure 2.1.6: Schematic of a micropore array which has diffusional 
independence causing spherical diffusion from the aqueous side. 
The size of the diffusion zone is dependent on the time scale of the experiment 
and the diffusion coefficient1 as shown in equation 2.1.4.  
ߜ ൌ √ܦݐ   Eqn 2.1.4 
Where ܦ is the diffusion coefficient (cm2 s-1) and ݐ is time (s-1). Therefore as 
the time scale of the experiment changes, so too does the diffusion zone. 
There have been several attempts to define the parameters which will result in 
a steady state response at a microelectrode array. Saito97 was first to describe 
the relationship by relating the pore to pore separation, ݎ௖, with pore radius, ݎ௔, 
following equation 2.1.5 
ݎ௖ ൐ 12ݎ௔   Eqn 2.1.5 
 
This relationship was later proven to be unsatisfactory by Lee et al. by the use 
of finite element simulation, which were compared to experimental data.98 
 
56 
 
Another relationship was proposed by Horne et al.99 which follows equation 
2.1.6.  
ݎ௖ ൒ 20ݎ௔  Eqn 2.1.6 
Again this was found to be an insufficient description of the parameters which 
produce a steady state current. This is in part due to the complexity and the 
number of parameters involved, as the voltammetric response is not only 
dependant on pore size and pore to pore separation, but also time scale of the 
experiment, diffusion coefficient of the analyte.  Davies et al. proposed an 
alternative relationship100 shown in equation 2.1.7 
ݎ௖ ൐ ට2ܦ ∆ா௩
మ
   Eqn 2.1.7 
Where ∆ܧ is the potential range from the foot of the peak to the reverse point 
and  ݒ is the scan rate (V s-1). This equation includes the parameters for 
diffusion coefficient and scan rate but still does not account for pore radius. In 
2008 Strutwolf et al. performed finite element simulations using microITIES 
arrays and found that the proposed models correlate well with experimental 
data101 thus providing a useful method for array design. 
2.2 Electrochemical techniques 
All electrochemical measurements were carried out using an AUTOLAB 
PGSTAT302N electrochemical analyser (Metrohm Autolab, Utrecht, The 
Netherlands) with the supplied NOVA software for analysis. 
2.2.1 Cyclic voltammetry and linear sweep voltammetry 
Cyclic voltametry (CV) is a very widely used technique in electrochemistry. It 
can provide information on both the thermodynamics and kinetics of 
electrochemical processes. Cyclic voltammetry is performed by scanning a 
linear potential range from an initial potential, ܧଵ, to a final potential, 
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ܧଶ.	Once ܧଶ is reached the potential is scanned in the reverse direction, often 
back to ܧଵ, but not necessarily. The current is monitored as a function of 
applied potential and the resulting plot is a cyclic voltammogram. The number 
of potential cycles may be repeated depending on the objective of the 
experiment, but can be more than one. The potential cycling follows a 
triangular waveform as shown in Figure 2.2.1 
 
 
Figure 2.2.1: The potential – time signal used in cyclic voltammetry. 
 
The first half of the scan from ܧଵ to ܧଶ is referred to as the forward scan and 
from ܧଶ to ܧଵ is the reverse scan.  
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Figure 2.2.2: Cyclic voltammogram for the transfer of a cationic species from 
aqueous to the organic phase, resulting in peak current, ip Ox at a potential     
Ep Ox on the forward scan. On the reverse scan the cationic species transfers 
from the organic phase to the aqueous resulting in a peak current, ip Red at a 
potential Ep Red.  
Often the peak currents and the corresponding potentials are the most valuable 
information obtained from a CV. A typical CV for cation transfer across the 
aqueous – organic interface is shown in Figure 2.2.2, where a peak current is 
produced at a given potential during the voltammetric scan. For a reversible 
process a peak will be observed on the forward and the reverse scan, indicated 
by Ep Ox and Ep Red, ip Ox and ip Red are the respective peak currents. Where 1-
dimensional or linear diffusion is occurring the peak current follows the 
Randles – Ševčik2 equation given by equation 2.2.1. 
݅௣ ൌ ሺ2.69 ൈ 10ହሻݖ௜ଷ/ଶܣܥܦଵ/ଶݒଵ/ଶ   Eqn 2.2.1 
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Where ݅௣ is the peak current and ݒ is the scan rate. From this relationship it 
can be seen that the peak current, ݅௣, is proportional to the square root of the 
scan rate, ݒଵ/ଶ. This equation is analogous to that for the case of electron 
transfer, where the charge of the ion, ݖ௜, is replaced by the number of electrons 
݊.3 A similar analogy to electron transfer processes can be used to test the 
reversibility of the system. The ratio of the forward and reverse peak currents,  
ip Ox / ip Red should equal to 1. Also the difference in peak potentials should 
equal to 59 mV/zi for a reversible process of a single-charged ion,3 in this case 
the term ݖ௜ has replaced ݊, as seen in equation 2.2.2. 
∆ܧ௣ ൌ ܧ௣ሺ݂ݓሻ െ ܧ௣ሺݎ݁ݒሻ ൌ ଴.଴ହଽ௭೔ 	V   Eqn 2.2.2 
Values for ∆ܧ௣ that deviate from this value are said to be quasi-reversible 
processes. Where no reverse peak current is present, the process is said to be 
irreversible. When peak currents,	݅௣, are proportional to scan rate ݒ, this is 
indicative of non-faradaic charge transfer which includes adsorption events.  
The voltammetric responses described here are representative of simple ion 
transfer at the ITIES where linear diffusion is dominant, typical of a macro 
sized interface with a flat boundary between the two phases. Due to the use of 
micro ITIES and more complicated molecules such as proteins, deviations 
from this behaviour are observed. Simple ion transfer at the µ-ITIES produces 
voltammetry as described in section 1.2.5.  
Linear sweep voltammetry (LSV) follows the same principles as cyclic 
voltammetry, but represents one half of the cycle where the potential is 
scanned in one direction only. From Figure 2.1.1 this would be represented by 
a linear potential change of a fixed scan rate, ݒ, from E1 to E2. This produces a 
voltammetric response equivalent to half of Figure 2.2.2 where only the 
forward or reverse peak is observed, depending on the initial starting potential 
and direction of scan. 
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For molecules which undergo adsorption – desorption to the interface the peak 
current is directly proportional to surface coverage,	Γ, given by equation 2.2.3. 
݅௣ ൌ ௡
మிమ୻஺௩
ସோ்     Eqn 2.2.3 
The surface coverage, Γ, can also be related to the to charge transfered for a 
process, ܳ by equation 2.2.4. 
ܳ ൌ ݖ௜ܨܣΓ    Eqn 2.2.4 
Again the term ݖ௜ has replaced the term ݊ to represent ion transfer rather than 
electron transfer. The value for total charge,	ܳ, can be obtained for a given 
process by integration of the area under the voltammetric peak of interest. 
2.2.2 Stripping voltammetry 
Stripping voltametry or stripping analysis is an electrochemical technique 
often used to achieve lower detection limits.102 The technique has been used 
widely, but is most commonly associated with trace metal analysis.103 
Stripping voltametry is essentially a two part technique, where firstly the 
analyte is accumulated on a surface, followed by a stripping of the analyte 
from the surface and recording the resulting voltammetric response. It is the 
accumulation of the analyte onto the surface which contribute to the low 
detection limits, which can be as low as 10-10 M.103 
Although this technique is typically used for redox processes, the concepts can 
be applied directly to electrochemistry at the ITIES. Rather than accumulate a 
metal on an electrode surface by holding at a potential more negative than its 
reduction potential, an ion can be accumulated in one phase by holding at an 
applied potential which is greater than the ions transfer potential.  Once the 
analyte has been accumulated, the potential can be scanned back using a linear 
sweep method, when the reverse transfer potential is reached the ion will 
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transfer back to the original phase and produce a voltammetric response, 
which is magnified due to the larger concentration of analyte transferring.  
 
Figure 2.2.3: Stripping voltammetry potential – time sequence. On 
application of a fixed potential, the cation transfers from the aqueous phase 
(aq) to the organic phase (org). After a period of time at the fixed potential, 
the potential is decreased and the cation transfers back to the aqueous phase 
while the voltammetric response is recorded. 
This process is illustrated in Figure 2.2.3, where a cation is accumulated in the 
organic phase by holding a fixed potential and is subsequently stripped back 
to the aqueous phase when the potential is lowered, resulting in a 
voltammetric response. This accumulation process is effectively a pre-
concentration step coupled with LSV, which provides improved detection 
responses over conventional voltammetry.   
 
 
62 
 
Chapter 3 
 
Electrochemical behaviour of myoglobin at 
an array of microscopic liquid-liquid 
interfaces 
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3.1 Introduction  
In this chapter, the electroactivity of myoglobin (Mb) at the interface between 
two immiscible electrolyte solutions (ITIES) 4 is presented. Mb is a globular 
protein containing a haem group, comprised of a single chain of 153 amino 
acids with a molecular mass of 16.7 kDa and an iso-electric point of ~7.3 104.  
It was the first protein to have its 3D crystal structure determined, in 1958 105. 
Mb is an oxygen-binding protein used in the transportation and storage of 02  
in muscle cells 106. The detection of Mb may be a route to the diagnosis of 
acute myocardial infarction (AMI), as elevated concentrations of Mb are 
present in the blood following the onset of the disease 107, 108. Elevated 
concentrations of Mb (4 – 11 nM) are present as early as 1-3 hours after AMI 
109, which implies that a rapid, accurate and reliable testing method is needed. 
The detection of Mb within these first few hours allows Mb to be used as an 
early confirmation of AMI and has the potential to impact fundamentally on 
preventative medicine 110. More generally, the presence of Mb in blood may 
be indicative of muscle damage. 
Electrochemistry at the ITIES provides a strategy for the label-free detection 
of molecules that are not easily detected by conventional redox methods at 
solid electrodes 5, 111. To improve the performance characteristics of 
electrochemistry at the ITIES, the miniaturisation of the interface has been a 
topic of interest since the use of the first micron-sized ITIES by Taylor and 
Girault in 1986 7. The use of µITIES minimises problems occurring at larger 
(mm or cm) interfaces such as charging current and ohmic potential drop 
while also significantly increasing mass transport rates 51, 112. The 
development of nanoscale interfaces has received much attention recently, in 
an attempt to further improve the electrochemical response at the ITIES 19, 112, 
113. Methods for development of the micro/nano ITIES vary from pulled glass 
pipettes 7, laser ablation of a substrate 14 to various chemical etching methods 
114. The results reported here utilised a µITIES array fabricated from a silicon 
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membrane containing an array of micropores 57. In recent years there have 
been many reports on the behaviour and detection of biomolecules at the 
ITIES. The detection of a range of biomolecules including  amino acids115, 
heparin70, 116, protamine67, 73, haemoglobin77, 82, lysozyme79, 84, insulin78, 
dopamine15, 29, 31, noradrenaline29 and DNA28 have been reported at the ITIES.  
The effect of varying the organic phase anion on the electrochemistry of 
protamine at the ITIES was extensively studied by Trojanek et al. using  
conductometry, voltammetry and quasi-elastic light scattering 73. The 
interactions of cationic proteins with the hydrophobic anions has been verified 
also by on-line acoustic sensor117 and mass spectrometric118 methods. 
The aim of the work presented in this chapter was to investigate the behaviour 
of Mb at the µITIES array and to make comparisons to previous work. In 
particular, it was of interest to see if the previously proposed mechanism for 
protein detection was generic: the adsorption of protein and facilitated ion-
transfer of hydrophobic anion applies to haemoglobin77, 82, lysozyme79, 84, 118 
and insulin78 84 will it also apply to Mb? Although some behaviour of Mb at 
the ITIES was reported80 that work was based on experiments in the presence 
of organic phase surfactant. In the present work, the behaviour of Mb was 
characterised by cyclic voltammetry at the interface between the liquid 
aqueous phase and the gelled organic phase. The organogel was located within 
the pores of the silicon membrane used, so that the interface was inlaid. This 
arrangement results in radial diffusion to the interface from the aqueous side 
of the interface and linear diffusion from the organic side of the interface 57, 
119. 
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3.2. Experimental details 
3.2.1 Reagents 
 All the reagents were purchased from Sigma-Aldrich Australia Ltd. and used 
as received, unless indicated otherwise. The gellified organic phase was 
prepared using bis(triphenylphosphoranylidene) tetrakis(4-
chlorophenyl)borate (BTPPA+TPBCl-, 10 mM) in 1,6-dichlorohexane (1,6-
DCH) and low molecular weight poly(vinyl chloride) (PVC) 120. The organic 
phase electrolyte salt BTPPA+TPBCl- was prepared by metathesis of 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl-) and 
potassium tetrakis(4-chlorophenyl) borate (K+TPBCl-)121. The electrolyte 
(BTPPA+ TFPB-) was prepared by metathesis of 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl-) and 
sodium tetrakis(4-flourorophenyl) borate (Na+TFPB-). Aqueous stock 
solutions of Myoglobin (from equine heart) were prepared in 10 mM HCl or 
in mixtures of 1, 10 or 100 mM LiCl in 10 mM HCl (pH 2) on a daily basis 
and stored at +4 ºC. For variable pH experiments, the pH was adjusted using 
solutions of 10 mM HCl and 10mM NaOH. Tetraethyl ammonium (TEA+) 
chloride solutions were prepared in a background electrolyte of 10 mM HCl. 
All the aqueous solutions were prepared in purified water (resistivity: 18 MΩ 
cm) from a USF Purelab Plus UV.  
3.2.2 Experimental set-up 
Once prepared as described in Section 2.1.3., the silicon micropore membrane 
was then inserted into the aqueous phase (10 mM HCl, Myoglobin in 10 mM 
HCl or 1, 10 or 100 mM LiCl and/or TEA+ in 10 mM HCl). 
Ultraviolet/visible (UV/vis) absorbance spectroscopy was carried out using a 
Perkin-Elmer Lambda 35 instrument. The instrument was scanned in the range 
of 250 nm to 500 nm at the rate of 480 nm min-1. The slit width was 1 nm with 
a resolution of 1 nm. The sample was run in a 1 x 1 cm quartz cuvette. 
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The setup used for the experiments comprised of a two electrode cell 122, with 
one Ag|AgCl electrode in the organic phase and one in the aqueous phase. The 
cell utilised in these experiments is shown in Figure 3.2.1, where x refers to 
the concentration of Mb or the tetraethyl ammonium ion (TEA+). All 
potentials are reported with respect to the experimentally-used reference 
electrodes. An eight micropore array was employed for all experiments 
(described in section 2.1.3) 
 
 
Figure 3.2.1: The electrochemical cell employed in these experiments. 
 
3.3 Results and discussion 
3.3.1 Cyclic voltammetry of Myoglobin 
The electrochemical behaviour of Mb at the ITIES was investigated using 
cyclic voltammetry. Figure 3.3.1 (a) shows the voltammograms obtained 
when scanning from 0.0 V to 1.0 V relative to the Ag|AgCl electrodes. The 
protein’s iso-electric point is 7.3 104 and hence it is positively charged at pH 2 
and assumed to be fully protonated, in which case it has a charge of +32, 
based on its amino acid sequence.123, 124 The forward scan shows an increase 
in current in the presence of the protein as the scan reaches towards the end of 
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the electrochemical window (0.75 V). This is a feature of facilitated transfer 
of the organic phase anion in the presence of adsorbed positively charged 
protein at the ITIES 78, 84. Although it is difficult to distinguish a transfer wave 
from background electrolyte transfer so close to the limit of the potential 
window, it can still be seen that the current increases with the concentration of 
Mb present in the aqueous phase. The reverse scan shows a well-defined peak 
at 0.68 V which is attributed to desorption of the protein from the interface, as 
seen in previous studies with other proteins 84. Figure 3.3.1 (b) shows the peak 
currents from the reverse peaks in the concentration range 1 – 6 µM Mb. 
Blank scans (i.e. zero Mb present in the aqueous phase) were recorded in 
between scans with Mb present in order to ensure that no protein remained 
absorbed on the interface and carried over from one experiment to the next. 
These blank scans were featureless in the potential regions where Mb 
exhibited voltammetric behaviour as can be seen in Figure 3.3.1 (c). In the 1 – 
6 µM concentration range there was a linear response between the reverse 
peak current and the concentration of Mb. 
 The surface coverage of Mb at the µITIES array can be determined from the 
charge under the reverse scan peaks using equation 2.2.4 125.  
ܳ ൌ ݖ௜ܨܣ߁      Eqn 2.2.4 
Here, Q is the charge corresponding to the desorption peak (C), ݖ௜ is the 
charge on the protein, F is Faraday’s constant (C mol-1), A is the total 
geometric area of the microinterfaces (cm2) in the array, and ߁ is the surface 
coverage. The charges for the reverse peaks in Figure 3.3.1(a) correspond to 
surface coverages in the region of 10 - 50 pmol cm-2. The surface coverage 
varied with aqueous phase concentration of Mb similar to that of the peak 
current, in that no saturation effect was observed in the concentration range 
studied. The adsorption of Mb monolayers at the ITIES was investigated by 
the Girault’s group using optical second harmonic generation 126. The surface 
area occupied by a single Mb molecule was taken from its crystallographic 
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data and assumed to be 10 nm2 127. It was shown that a full monolayer 
coverage corresponds to 1017 molecules/m2 (or 1.66 x 10-11 mol cm-2). Using 
the surface coverage data obtained from Figure 3.3.1(a), it was found that 
there was a minimum of 0.6 of a monolayer formed at a surface coverage of 
10 pmol cm-2 and a maximum of 2.9 of a monolayer formed at 50 pmol cm-2. 
These results are consistent with the finding that a multilayer of haemoglobin 
formed at the liquid-liquid interfaces under cyclic voltammetric conditions119. 
It should be noted also that the experimental data obtained from cyclic 
voltammetry are not obtained at equilibrium, unlike the optical SHG studies126 
and much longer adsorption times may be needed to achieve surface saturation 
and equilibration.  
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Figure 3.3.1: (a) CVs of 1, 2, 3, 4, 5 and 6 µM Mb, scan rate 5 mVs-1. The 
dashed line represents 0 µM Mb. (b) Plot of reverse peak current versus 
myoglobin concentration. (c) Blank CV run between Mb scans, with only HCl 
present. The electrochemical cell is as outlined as in Figure 3.2.1.  
(a) 
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3.3.2 Scan rate studies 
To investigate the nature of the processes (diffusion, adsorption) occurring at 
the interface, cyclic voltammetry at a fixed Mb concentration (5 µM) was 
carried out with varying scan rates, in the range 5 – 75 mVs-1 (Figure 
3.3.2(a)). The forward and reverse peak currents show a linear response to 
scan rate (correlation coefficient of R = 0.998 and R = 0.994, for the forward 
and reverse scans respectively) as seen in Figure 3.3.2 (b). It should be noted 
that on the forward sweep the current was taken consistently at 0.875 V for 
both Figure 3.3.2 (b) and (c). For a diffusion controlled process, a linear 
correlation between square root of scan rate and peak current is expected, as 
can be seen from Figure 3.3.2 (c) this is not the case. This dependence of both 
the forward and reverse peak current on scan rate indicates that the behaviour 
is not diffusion-controlled but is due to desorption of the protein from the 
interface. Although the peak current increased with scan rate, at the higher 
scan rates the peaks became broader and less distinguishable from the 
background electrolyte transfer and capacitive charging current and hence it 
was more difficult to measure the peak magnitude. As a result, the current 
versus scan rate plot exhibited a large intercept on the current axis, of ca. 1 
µA. These results agree with the previous model proposed for a facilitated ion 
transfer (FIT) mechanism for protein detection at the ITIES 79, 84. The protein 
adsorbs to the interface and facilitates the transfer of the organic phase anion 
resulting in the broad forward wave and the formation of a protein-organic 
phase anion complex at the aqueous side of the interface. On the reverse scan, 
the complex dissociates, with accompanying protein desorption and anion 
reverse transfer to the organic phase, resulting in the reverse peak recorded in 
the voltammogram.   
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Figure 3.3.2: (a) CVs of 5 µM Mb at scan rates of 5, 10, 15, 25, 50 and 75 
mVs-1. (b) Plot of peak currents versus scan rate, relating to the CV’s in (a). 
(c) Plot of peak currents versus square root of scan rate, relating to the CV’s in 
(a). The electrochemical cell is as outlined in Figure 3.2.1. 
(a) 
(b) 
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3.3.3 Influence of the aqueous phase ionic strength 
The effects of varying ionic strength on the voltammetry of Mb at a fixed 
concentration (5 µM) was investigated. This concentration was chosen as it 
was shown to give a reasonably large response, under the conditions used in 
Figure 3.3.1 (a). The ionic strength was varied by changing the concentration 
of LiCl in the aqueous phase from 1 mM to 10 mM to 100 mM. The aqueous 
phase was maintained at pH 2 by using 10 mM HCl in addition to the variable 
LiCl concentrations. The ionic strengths were calculated from equation 3.3.1, 
where  ܫ௖ is the total ionic strength of the electrolyte solution (M), ܿ௜ is the 
molar concentration of the ion ݅ (M), and ݖ௜	  is the charge on that ion i. The 
sum is then taken over all ions in solution. 
ܫ௖ ൌ 	 ଵଶ ∑ 	௡௜ ܿ௜	ݖ௜ଶ       Eqn 3.3.1 
The corresponding ionic strengths for 1, 10 and 100 mM LiCl solutions in a 
background of 10 mM HCl were 0.011, 0.02 and 0.11 M, respectively.  Figure 
3.3.3 shows the resulting cyclic voltammograms related to increasing ionic 
strength of the aqueous phase. Previous work at the ITIES indicated that 
increasing ionic strength results in a marked decrease in the magnitude of 
peaks due to the presence of a protein 79, in that case hen egg white lysozyme 
(HEWL). It was suggested that the protein was further solvated by the ions in 
solution and this caused a decrease in protein concentration available to 
adsorb at the interface. Interestingly, the results presented here show that as 
the ionic strength increases (Figure 3.3.3(a-c)), the peaks attributed to protein 
adsorption/desorption become sharper and better defined as well as producing 
greater currents. A possible reason for the increase in the peak currents is the 
salting out effect 128. This effect is used to precipitate proteins in solutions by 
adjusting the salt concentration. The effects of various ions on protein stability 
is characterised by the Hofmeister series 129. Salt ions are categorised 
according to whether they denature or stabilise a protein 130. At high salt 
concentrations, protein-protein interactions become favourable over 
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electrostatic repulsion and this is the driving force for precipitation 131, 132 and 
aggregation 133. It has also been reported that at low pH, protein-protein 
interactions become more favourable 134. It is likely that this combination of 
effects served to pre-concentrate the protein at or near the interface at the 
highest LiCl concentration. It was noted that during the preparation of the 
LiCl/Mb solutions at higher concentrations of LiCl, the protein tended to form 
a precipitate and aggregate in the aqueous solution. While this may improve 
the qualitative ability to detect Mb at the ITIES, it has implications for using 
the data obtained as a quantitative measurement of the protein present. As the 
protein solution is no longer homogeneous, representative sampling becomes 
a problem. 
 
 
 
Figure 3.3.3: CV of 5 µM Mb with increasing ionic strength of the aqueous 
phase. (a) (b) and (c) correspond to 1, 10 and 100 mM LiCl in 10 mM HCl, 
respectively. Scan rate 5 mV s-1.The electrochemical cell is as outlined in 
Figure 3.2.1.  
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3.3.4 Effects of the aqueous phase pH 
The mechanism of FIT of the hydrophobic organic phase anion by the cationic 
protein species in the aqueous phase can be further validated by investigating 
the influence of the aqueous phase pH. Figure 3.3.4 shows the cyclic 
voltammetry of 9 µM Mb when the aqueous phase is adjusted to pH values of 
7, 12 and 2, (Figures 3.3.4 (a), (b) and (c), respectively). The voltammograms 
show that the ion transfer process only occurs when the protein is in a cationic 
state (in an aqueous phase whose pH is lower than the protein’s pI, which is 
7.3 for Mb104); no electrochemical response was seen at the pI or above. This 
trend is typical of what has been seen in previous studies at the ITIES 78, 79. 
Although the CVs in the absence and presence of Mb at aqueous phase pH 
values greater than the protein’s pI are similar, there is a slight shift in the 
capacitative current (Figures 3.3.4 (a) and (b)) which may be a result of 
adsorption. But no peaks that can be associated with cation or anion transfer 
within the available potential window were observed. 
 
75 
 
 
Figure 3.3.4: CV of 9 µM Mb in (a) pH 7, (b) pH 12, (c) pH 2 aqueous phase, 
scan rate 5 mVs-1. The blank scan (absence of Mb) is represented by the 
dashed line and the 9 µM Mb by the solid line. The electrochemical cell is as 
outlined in Figure 3.2.1.  
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3.3.5 Effect of organic electrolyte anion 
The electrochemistry of Mb was investigated in the presence of another 
organic anion, TFPB-. With the cation remaining unchanged the direct effects 
of the anion on the observed electrochemistry can be evaluated. It is know that 
the nature of the organic anion has an effect on the voltammetry observed,77, 79 
where the more hydrophobic anions shift the peak potentials for the protein 
response to more positive values. It can be seen from Figure 3.3.5 that the 
reverse peak current is observed at 0.76 V on the reverse scan, as compared to 
0.68 V when the TPBCl- is used. Since the TPBCl- is more hydrophilic than its 
TFPB- counterpart, it would follow that TPBCl- requires a less positive 
potential for its transfer into the aqueous phase. Similar experiments have 
been carried out by Samec et al.73 investigating the ion pairing between 
protamine and three different organic counterions, TFPB-, TPBCl- and TPB-. 
Although the same trend was observed, where the peak currents associated 
protamine and the organic counterion vary with the counterion, the trend was 
associated with counterion size, rather than hydrophobicity.  
The peak current observed with TFPB- as the anion is ~ 0.4 nA, which is 
smaller than compared to ~ 1.2 nA for when TPBCl- is used. This may be due 
to a number of reasons, such as differing solubility of the ions in the aqueous 
phase, varying strengths of interaction with the Mb molecules or a 
combination of these factors. From comparison of previous results with 
insulin78, haemoglobin77, lysozyme79 and protamine,73 it is clear that the nature 
of the cationic species plays a significant role. In particular protamine shows 
the highest affinity for the TPB- anion, whereas for all proteins studied, the 
affinity for TPB- is the weakest. This may be due to the hydrophobic pockets 
of the protein becoming exposed due to some denaturation, either in the acidic 
solution or through adsorption. These hydrophobic pockets would interact 
more favourably with the TPBCl- and TFPB- ions. In the case of Mb, it would 
appear that the interactions are more favourable for the TPBCl- ion, indicating 
that protein structure is a key factor in the ion pairing. A greater understanding 
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of the interactions between these anions and the proteins may be of use in 
attaining selective detection of proteins, if for example an anion exhibits 
selectivity for one protein over another.  
 
 
Figure 3.3.5: CV of 5 µM Mb in 10 mM HCl with BTPPA+TPBCl- (peak at ~ 
0.68 V on the reverse sweep) and BTPPA+TFPB- - (peak at ~ 0.76 V on the 
reverse sweep) as the organic electrolytes. The blank CV without Mb is 
represented as the dashed line. Scan rate is 5 mV s-1. 
 
3.3.6 Influence of Myoglobin on TEA+ transfer at the µITIES array 
Further evidence for adsorption/desorption of Mb at the interface can be seen 
by comparing voltammograms in the presence and absence of the tetraethyl 
ammonium (TEA+) cation. Simple ion transfer of an ion such as TEA+ at the 
µITIES array results in a steady-state current on the forward sweep and a 
peak-shaped current on the reverse sweep. The asymmetric voltammograms 
are the result of radial and linear diffusion profiles during the forward and 
reverse scans, respectively 8, 13, 119. Figure 3.3.6 (a) shows the voltammogram 
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for TEA+ transfer in the absence of Mb. The steady-state current for TEA+ is 
1.81 nA, with a half wave potential of 0.68 V. The steady-state forward 
response results from radial diffusion to the interface from the aqueous phase 
and the peak-shaped reverse response is due to linear diffusion of the analyte 
molecules, from the organic phase held within the membrane micropores, 
back to the aqueous phase. In the presence of aqueous phase Mb, the steady-
state response to TEA+ is disrupted on the forward scan (Figure 3.3.6(b)) once 
a potential has been reached that is sufficient to induce adsorption of the 
protein (> 0.6 V). This results in a decreased steady state current for TEA+ 
transfer of 0.7 nA. This drop in current indicates that the transfer of the TEA+ 
is affected by protein adsorbed at the interface, but also that Mb adsorption is 
less disruptive than lysozyme 84, 88. In the presence of lysozyme a much more 
severe disruption of the TEA+ transfer wave is observed. This is likely due to 
the adsorption potential of lysozyme being significantly lower than the 
transfer potential of TEA+, whereas Mb would appear to adsorb after the 
transfer of TEA+ begins.  The reverse peak current for TEA+ back-transfer was 
decreased in the presence of Mb from 1.8 nA to 1.5 nA, indicating that less 
TEA+ was transferred into the organic phase due to adsorbed Mb. When the 
voltammogram for TEA+ transfer (Figure 3.3.6(a)) is compared to the 
analogous voltammogram in the presence of protein (Figure 3.3.6 (b)) it can 
clearly be seen that the steady-state current on the forward sweep is 
diminished, while the reverse peak current is also decreased, albeit less 
substantially. This indicates that although the adsorbed Mb disrupts ion 
transfer at the interface, it does not however stop ion transfer completely, 
unlike the case observed with lysozyme [27,54]. This phenomenon may be a 
result of different adsorptive strengths for different proteins at the gelled 
ITIES.    
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Figure 3.3.6. (a) CV of 15 µM TEA+, (b) CV of 15 µM TEA+ plus 9 µM Mb, 
and (c) CV of 9 µM Mb, scan rate 5 mVs-1. The electrochemical cell is as 
outlined in Figure 3.2.1. 
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3.3.7 Effect of aqueous solution composition on Myoglobin conformation 
UV/Vis absorbance spectroscopy was used to investigate whether there were 
any conformational changes within the Mb structure due to the effects of the 
aqueous phase solutions used in the above studies. UV/Vis has been used to 
directly investigate the effect of the environment on Mb tertiary structure. 
This is possible as the absorbance spectra of the haem group is directly 
affected by its physical environment.135 Five different solutions were used in 
the sample preparation: purified H2O, 10 mM LiCl, 10 mM PBS, 10 mM HCl 
and 10 mM LiCl at pH 2. The wavelength range scanned in the UV/Vis 
experiments was chosen to include the Soret band at ca. 410 nm 136, which is 
due the haem centre, and also the band at 280 nm, which is due to the 
aromatic amino acids 137. It can be seen from Figure 3.3.7 that the Soret band 
is diminished in the presence of an acid solution (10 mM LiCl at pH 2 and 
10mM HCl). However, in the higher pH solutions (no added acid), the Soret 
band remains unaffected. This is indicative of some denaturation/unfolding of 
the protein tertiary structure by the acidic aqueous phase electrolyte solution 
135, although the extent of this process cannot be known from the UV/Vis 
spectra alone. The band due to the aromatic amino acids remains relatively 
unaffected in all aqueous solutions studied.  
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Figure 3.3.7: UV/Vis absorbance spectra of 10 µM Mb in (a) H20, (b) 10 mM 
LiCl and (c) 10 mM phosphate buffered saline (PBS). (d) and (e) correspond 
to 10 µM Mb in aqueous solutions of 10 mM LiCl pH 2 and 10 mM HCl.  
3.4 Conclusions 
The aim of this work was to investigate whether myoglobin was electroactive 
at the µITIES array, to characterize its behaviour and to compare it to other 
reports of protein behaviour at this interface. The results indicate that the peak 
currents produced for myoglobin have a linear response to concentration in the 
range of 1 – 6 µM. The basis of the detection mechanism was investigated by 
varying the voltammetric scan rate, the organic phase anion, the aqueous 
phase pH and by comparing the presence of myoglobin on the simple ion 
TEA+. Based on the results obtained, the detection of Mb is attributed to an 
interfacial adsorption/desorption process accompanied by organic phase anion 
transfer and association with cationic protein. It was shown that the behaviour 
of myoglobin was similar to previous studies of lysozyme,79 insulin78 and 
haemoglobin77 in terms of its FIT mechanism and dependence on a cationic 
state of the protein in the aqueous phase. It was also shown that the presence 
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of a more hydrophobic anion shifted peak currents towards a more positive 
potential with a decrease in magnitude of the peak produced. The reverse peak 
showed a dependence on scan rate which indicates a desorption process. The 
appearance of a peak is dependent on the aqueous phase pH in that the protein 
needs to be in a charged state below the pI for detection to be possible. 
However, the need for the positively-charged protein species in the current 
system requires the use of low pH aqueous solutions, which have been shown, 
by the UV/Vis spectrophotometry of the myoglobin solutions, to denature the 
protein structure. The increasing peak currents due to increasing ionic strength 
concentration can best be explained if viewed as a type of pre-concentration 
step, where the protein aggregates due to precipitation. The results provide the 
basis for label-free detection of proteins at liquid-liquid interfaces by 
electrochemical methods.  
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Chapter 4 
Methods for selective detection of proteins 
at the ITIES (I) 
 
Selective detection of rat amylin in a 
protein mixture  
 
 
 
 
 
84 
 
4.1 Chapter description 
This chapter is split in three sections, each concerning selective detection of 
proteins at the ITIES but using a different approach. Selectivity is one of the 
major challenges concerning bimolecular detection at the ITIES. To date there 
has been little success in achieving selectivity aside from a few notable cases. 
This chapter discusses three different approaches for protein selectivity, 
namely adjusting the ionisation of the protein, selective voltammetric 
adsorption, and interactions with antibodies. Although there are many 
challenges still ahead in terms of selective detection of biomolecules, this 
work aims to show that it is an achievable target. 
* I would like to acknowledge the contributions of Eva Alvarez de Eulate, 
Sharon Fletcher, Yiu Hang Yuen, Erik Helmerhorst and Philip Newsholme for 
their contributions towards the work relating to rat amylin and insulin. 
4.1.1 Introduction 
Alzheimer’s disease (AD) is an irreversible, progressive brain disease that 
slowly destroys memory and cognitive skills. The disease is characterized by 
synaptic loss, extracellular amyloid plaques and intra-neuronal neurofibrillary 
tangles. Considerable genetic, animal modelling and biochemical data suggest 
that the principal component of amyloid plaques, the amyloid beta-protein 
(Aß), plays a central role in initiating AD.138 A common characteristic of AD 
and type-2 diabetes is the formation of islet amyloid deposits by the 37–amino 
acid peptide amylin (known also as islet amyloid polypeptide, IAPP).139 
Amylin is a physiological component of islet beta-cell granules, from where it 
is co-secreted with insulin onto the cell surface via a regulated secretory 
pathway. Blood concentrations of amylin are estimated at 5 – 20 pM,140 
although the concentration at sites of release, such as the pancreatic islet, may 
rise to low nanomolar. It readily forms amyloid fibrils in vitro, and the 
deposition of fibrillar amylin has been correlated with the pathology of type 2 
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diabetes.  Importantly, human amylin (hA), unlike its rodent homologs, has 
physicochemical properties that predispose it to aggregate and form amyloid 
fibrils. However, rat amylin (rA), which has a different amino acid 
sequence141 (see Scheme 4.1.1.1) in the amyloidogenic molecular segment, 
does not aggregate and can form random conformations in physiological 
conditions. rA is known to bind to the surface of lipid micelles, such as 
dodecylphosphocholine,141 which may be indicative of its biological mode of 
action in associating with cell membranes. The non-aggregating nature of rA 
makes it a simpler model polypeptide for electrochemical studies than hA.  
Human: KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY 
Rat: KCNTATCATQ RLANFLVRSS NNLGPVLPPT NVGSNTY 
Scheme 4.1.1.1: The amino acid sequences of human and rat amylin. 
Differences are highlighted in bold font.  
A previous study on the electrochemistry of amylin employed oxidation of 
tyrosine residues within hA to monitor its concentration and possible 
aggregation. This method involved placing a solution of the polypeptide onto 
the surface of a carbon electrode and allowing the solvent to evaporate prior to 
the electrochemical measurements.142 However, the use of redox-active 
functionality within polypeptides and proteins for their detection can be 
problematic, resulting in issues such as fouling of the electrode surface by 
reaction products and an inability to rapidly transfer electrons between the 
electrode and a buried redox-active prosthetic group.143 In contrast, 
electrochemistry of polypeptides and proteins at interfaces between 
immiscible electrolyte solutions (ITIES) (or at liquid-liquid interfaces formed 
between aqueous and organic electrolyte solutions) has been of intense 
interest in recent years because it provides a route to bioanalytical detection of 
these compounds via non-redox electrochemistry and hence circumventing the 
problems associated with oxidation/reduction processes at electrode surfaces,5, 
26, 66, 70, 80, 89, 144, 145 as well as providing information about the stability of 
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protein pharmaceutical formulations.87, 118 Previous reports on the 
electrochemistry of the polypeptides protamine66 and insulin78 have 
demonstrated their detection at concentrations down to ca. micromolar levels. 
The ability to detect amylin via a non-redox electrochemistry has not been 
studied previously and may be beneficial in study of its function in biological 
processes.  
In this work, the electrochemical behaviour of rA at the microinterface array 
between aqueous and gelled organic phases (or µITIES array) was examined. 
The main objective of this work was to evaluate the electrochemical behaviour 
of rA in an effort to develop a strategy for selective detection in a protein 
mixture. Selective detection of proteins is one of the major challenges faced 
when using electrochemistry at the ITIES as the detection method. The results 
detailed below show that rA is electroactive, that it transfers across the water-
organogel interface, and that this transfer process is of analytical utility. This 
work indicates that the tuning of the charge on the analyte protein, by 
adjusting the pH, may provide a useful strategy to selective detection in a 
protein mixture. The differing of iso-electric points of the proteins provides 
the basis for the use of such a strategy. By adjusting the pH so that only the 
protein analyte has a positive charge, while the background proteins are 
neutral or anionic, it is possible to achieve selective detection of the target 
analyte. While the simplicity and ease of this method are advantageous, this 
technique will not work for all cases. However, when the iso-electric points of 
all proteins are known, the optimisation of protein charge should be 
considered as a method to improve for selective detection of one protein over 
another.  
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4.1.2 Experimental Details 
4.1.2.1 Reagents 
All reagents were purchased from Sigma-Aldrich Australia Pty Ltd and used 
as received, except rA, which was purchased from Bachem AG (Bubendorf, 
Switzerland). The gellified organic phase was prepared using 
bis(triphenylphosphoranylidene) tetrakis(4-chlorophenyl)borate 
(BTPPA+TPBCl-, 10 mM) in 1,6-dichlorohexane (1,6-DCH) and low 
molecular weight poly(vinyl chloride) (PVC) 120. The organic phase 
electrolyte salt BTPPA+TPBCl- was prepared by metathesis of 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl-) and 
potassium tetrakis(4-chlorophenyl) borate (K+TPBCl-)121. Aqueous solutions 
of rA were prepared in 10 mM HCl or 1 mM PBS on a daily basis and stored 
at +4 ºC. All the aqueous solutions were prepared in purified water 
(resistivity: 18 MΩ cm) from a USF Purelab Plus UV. 
4.1.2.2 Experimental set-up 
Once prepared as described in Section 2.1.3. the silicon micropore membrane 
was then inserted into the aqueous phase (10 mM HCl, 1 mM PBS or rA in 10 
mM HCl or 1 mM PBS. Voltammetric experiments were then performed. The 
setup used for the experiments comprised of a two electrode cell 122, with one 
Ag|AgCl electrode in the organic phase and one in the aqueous phase. The cell 
utilised in these experiments is shown in Figure 4.1.2.1, where x refers to the 
concentration of rA. All potentials are reported with respect to the 
experimentally-used reference electrodes. A thirty micropore array was 
employed for all experiments (described in section 2.1.3) 
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Figure 4.1.2.1: Electrochemical cell employed in this work. A thirty pore 
microarray was employed. 
 
4.1.3 Results and Discussion  
4.1.3.1 Detection of rat amylin at physiological pH 
The iso-electric point (pI) of rA is 9, so that it is cationic at physiological pH 
with a charge zi of 2+.146 This allowed for an investigation into rA 
electroactivity at physiological pH, in contrast to proteins such as 
haemoglobin and myoglobin where it was not possible to detect them at 
physiological pH. Electroactivity at physiological pH suggests that there is an 
opportunity for applications in analysis of biological samples, because neutral 
or anionic proteins are not electrochemically active at this pH with the 
presently-employed constitution of the µITIES array. Figure 4.1.3.1 shows the 
CVs for rA obtained in aqueous phases of 1 mM phosphate buffered saline 
(PBS) at pH 7.3 (Figure 4.1.3.1 A) and in 10 mM HCl pH 2 (Figure 4.1.3.1 
B). It can be seen that the rA transfers occur on the forward and reverse 
sweeps at similar potentials under physiological conditions as under acidic 
conditions. The steady-state currents on the forward sweeps (taken at ~ 0.84 
V) are 3.46 nA and 2.59 nA and the reverse peak currents are 2.06 and 1.66 
nA (taken at ~ 0.80 V) for rA in aqueous 1 mM PBS (zi = 2+) and 10 mM HCl 
(zi = 3+), respectively, at a concentration of 10 µM. The difference in the 
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observed currents can be attributed to a contribution from the molecular 
charge zi and the diffusion coefficient of the polypeptide at each pH. The 
diffusion coefficient of rA in the aqueous phase was determined using 
equation 4.1.3.1 
Ilim  = n4ziFDCr Eqn 4.1.3.1 
 
where n is the number of µITIES in the array, zi is the formal charge of the 
ion, F is the Faraday constant (C mol-1), D the diffusion coefficient (cm2 s-1), 
C is the bulk concentration (mol cm-3), r is the radius (cm) of an individual 
microinterface and the current values from Figure 4.1.3.1, taking into account 
the charge of the polypeptide at the corresponding pH values. The values 
obtained were 6.4 10-6 cm2 s-1 and 5.3 10-6 cm2 s-1 for pH values of 7.3 and 2.0, 
respectively, which are comparable to the diffusion coefficient of TEA+, 9.8 
10-6 cm2 s-1.101 
The electrical charge of the reverse peaks (integrated current with respect to 
time) are also influenced by the aqueous phase conditions. Comparison of the 
reverse peak charges for 10 µM rA in different aqueous phase conditions give 
values of 14.8 nC (pH 7.3) and 28.2 nC (pH 2). Taking into account the 
molecular charge at each pH and using Faraday’s law in conjunction with the 
geometric area of the interface array, these peak charges correspond to 
interfacial coverages of 0.6 nmol cm-2 (pH 7.3) and 0.8 nmol cm-2 (pH 2). 
These coverages are an order of magnitude greater than a monolayer surface 
coverage. 
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Figure 4.1.3.1: CV of rA at different concentrations (1 – 10 µM, inner to outer 
curves) in an aqueous phase of (A) 1 mM PBS at pH 7.3 and (B) 10 mM HCl. 
CV with 0 µM rA is included. Insets show the plots of forward steady-state 
current or reverse peak current as a function of rA concentration over the 
range of 2-10 µM. Scan rate 5 mV s-1. 
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The observation that transfer currents are in agreement with molecular charge 
is consistent with the larger peak currents obtained from more highly charged 
species,144, 147 although this usually necessitates going to lower (more acidic) 
pH in the aqueous phase. As a result the improvements in observed currents 
when using acidic media are likely to be outweighed by the disadvantages 
arising from performing measurements under non-physiological conditions. 
The insets in Figure 4.1.3.1 show linear correlations between the steady-state 
current (forward sweep) or peak current (reverse sweep) and the rA 
concentration in the aqueous phase. Clearly, sensitivity is higher under acidic 
conditions than physiological conditions, as expected based on differences in 
molecular charge, and also the calibration plots based on reverse peak currents 
are more sensitive than the forward steady-state currents, which is a result of 
rA accumulation in the organogel during the forward scan. Note that the 
reverse peaks in Figure 4.1.3.1 (B) are sharper than those in Figure 4.1.3.1 
(A), which may be indicative of different detection mechansims. Moreover, 
concentrations down to 2 µM (7.8 µg mL-1) of rA were easily detected by CV 
(a reverse peak was observed for 1 µM rA in 10 mM HCl, but the current was 
below the linear range of the calibration graph), showing the potentiality of 
this electrochemical approach at the ITIES for detection of the polypeptide. 
4.1.3.2 Sensing in a protein mixture 
Figure 4.1.3.2 shows the voltammetric response to 10 µM rA in the presence 
of a mixture of 10 µM haemoglobin (Hb), 10 µM myoglobin (Mb) in 1 mM 
PBS solution. The peak currents for rA are 5.8 nA on the forward sweep and -
1.2 nA on the reverse sweep. The voltammogram in the presence of only Hb 
and Mb (i.e. without rA) shows no transfer wave on the forward or reverse 
sweeps, although there is an increase in current at more positive potentials. 
This is attributed to adsorbed protein,87 but as the pH is above or equal to the 
iso-electric point of Hb and Mb, no associated peaks are observed.78, 79 This is 
typical behaviour for proteins at the polarised liquid – liquid interface. The 
 
92 
 
accepted mechanism for detection of the protein is through complexation of 
the cationic protein with the organic phase anion.119 There has been no 
evidence to date of an anionic protein complexing with the organic phase 
cation. Hence at physiological pH, no ion transfer processes are observed for 
haemoglobin or myoglobin, due to their respective iso-electric points. 
However the iso-electric point of rA is 9, so at physiological pH it has a 
charge of 2+. This feature of its physiochemical properties is what allows rA 
to be detected in the presence of haemoglobin and myoglobin. Although the 
charge on the rA is not optimal, as the larger the positive charge the better the 
electrochemical signal will be. This disadvantage is outweighed by the ability 
to detect rA in the presence of other proteins. 
It can be seen that the CV in the presence of rA no longer resembles that of 
the corresponding CV in Fig. 4.1.3.1 A. This disruption of the steady-state 
behaviour is expected, as it has been shown in previous work that adsorbed 
proteins affect ion transfer at the ITIES.144, 148, 149 In such a situation, the rA 
must penetrate an adsorbed layer of protein on both the forward and reverse 
sweep, hindering its transport and resulting in a distortion of the rA transfer 
signal, leading to much broader responses. 
There have been many reports of the detection of biomolecules at the ITIES,5 
but to-date there has been little work done in real biological samples or 
complex matrices due to difficulties with selectivity and background 
interference. Amemiya et al. used voltammetry at the ITIES to detect heparin 
in blood plasma70 and more recently Osakai et al. developed a method for 
monitoring protein concentration in urine samples by employing an ITIES 
hydrodynamic flow cell89. Presented here is the label free detection of a 
polypeptide, rA, in the presence of a mixture of proteins at physiological pH. 
Coupled with recently developed adsorptive stripping techniques149, these 
results could provide the basis for use of the ITIES in more realistic biological 
samples.  
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Figure 4.1.3.2: CV of aqueous phase 1 mM PBS (dotted line), 10 µM 
Haemoglobin + 10 µM Myoglobin in 1 mM PBS (dashed line) and 10 µM rA 
+ 10 µM Haemoglobin + 10 µM Myoglobin in 1 mM PBS (solid line), pH 7.3. 
The inset voltammogram shows the result for subtraction of the CV in the 
presence of Haemoglobin + Myoglobin (dashed line) from that in the presence 
of rA + Haemoglobin + Myoglobin (solid line). Scan rate 5mV s-1. 
 
4.1.4 Conclusion 
The 37-amino acid peptide rA has been subjected to study of its selective 
detection at an array of microinterfaces formed between liquid aqueous and 
gelled organic electrolyte phases. Importantly, the electroactivity of rA was 
maintained at physiological pH and not just at acidic pH, enabling detection 
under physiological conditions. As a result, electrochemistry at the gelled 
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ITIES opens up the possibility for rA detection in physiological matrices, as 
demonstrated here for its detection in the presence of a protein mixture. 
Coupling this observation with recently developed adsorptive stripping 
techniques,[16] to achieve a lower detection limit, may provide a competitive 
strategy for label-free biomolecular detection.
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Chapter 4 
Methods for selective detection of proteins 
at the ITIES (II) 
 
Stripping voltammetric detection of insulin 
at liquid–liquid microinterfaces in the 
presence of bovine albumin 
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4.2.1 Introduction   
The ability to detect proteins and peptides using simple methods with 
miniaturised devices offers many benefits including the possibility for point-
of-care measurements that may revolutionise diagnostic medicine and a wide 
range of industrial and environmental applications.150-152 Advances in areas 
such as biomicroelectromechanical system (BioMEMS) and lab-on-a-chip 
technologies open up opportunities for the detection of important biological 
molecules such as disease indicators. Consequently, new strategies are 
constantly emerging that have the potential to contribute to a new generation 
of portable analytical and bioanalytical devices. Electrochemical methods 
have been greatly successful in the detection of biomolecules such as glucose 
in whole blood.153, 154 Electrochemical measurement at interfaces between two 
immiscible electrolyte solutions (ITIES) is one such emerging area that may 
contribute to this revolution.23, 50 Electrochemistry at the ITIES provides scope 
for the detection of analyte species based on ion transfer reactions, rather than 
oxidation or reduction processes, and offers a label-free strategy for detection 
of proteins, amongst other target analytes.115 
Diabetes mellitus is a metabolic disease associated with either a deficiency in 
insulin production (type 1 diabetes) or an ineffective use of insulin by the cells 
(type 2 diabetes).155 Thus, the determination of insulin is clinically important 
and an assortment of techniques have been employed for its detection, such as 
enzyme-linked immunosorbent assays,156 electrochemical impedance 
spectroscopy,157 mass spectrometry,158 microcantilever biosensors,159 capillary 
electrophoresis,160 and direct oxidative electrochemistry.161 The large variety 
of methods investigated for insulin detection is indicative of the on-going need 
for alternative methods for the detection of insulin which might be amenable 
to point of care testing.  
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Presented here is the electrochemical behaviour and detection of insulin at an 
array of microscale ITIES. In this study, intentional adsorption of insulin at 
the electrified interface prior to the voltammetric measurement is employed. 
Furthermore, the challenge of insulin detection in the presence of another 
protein, albumin, which is abundant in serum, has been explored. The ability 
to detect a target protein in the presence of a protein mixture is a fundamental 
challenge which needs to be addressed, for electrochemistry at the ITIES to 
become a viable option in bioanalytical science. This work explores the 
selective detection of insulin through the use of electrochemical adsorption. 
Proteins may have different maximum adsorption potentials. Once the 
adsorption potential profile has been defined for a given set of protein, the 
difference in these adsorption potentials may be used to selectively detect a 
protein in a mixture. The results indicate that, although the voltammetric 
desorption peaks cannot be separated, the use of tuned adsorption potentials 
enables the detection of insulin in the presence of albumin.  
4.2.2 Experimental details 
4.2.2.1 Reagents 
All the reagents were purchased from Sigma-Aldrich Australia Ltd. and used 
as received, unless indicated otherwise. Mono-component zinc insulin 
(porcine) was purchased from CSL Laboratories, Australia. The gellified 
organic phase was prepared using bis(triphenylphosphoranylidene) tetrakis(4-
chlorophenyl)borate (BTPPA+TPBCl-, 10 mM) in 1,6-dichlorohexane (1,6-
DCH) and low molecular weight poly(vinyl chloride) (PVC).120 The organic 
phase electrolyte salt BTPPA+TPBCl- was prepared by metathesis of 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl-) and 
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potassium tetrakis(4-chlorophenyl) borate (K+TPBCl-).121 Aqueous stock 
solutions of albumin (from bovine serum, 98 %) and insulin (porcine) were 
prepared in 10 mM HCl (pH 2) on a daily basis and stored at +4 ºC. All the 
aqueous solutions were prepared in purified water (resistivity: 18 MΩ cm) 
from a USF Purelab Plus UV.  
 
4.2.2.2 Experimental set-up 
Once prepared as described in section 2.1.3 the silicon micropore membrane 
was then inserted into the aqueous phase (10 mM HCl, without or with 
albumin and/or insulin). Voltammetric experiments were then performed. The 
electrochemical cell arrangement used for the experiments was a two-
electrode cell,122 with one Ag|AgCl electrode in the organic phase and one in 
the aqueous phase. The organic phase reference electrode was immersed in an 
aqueous reference solution of 10 mM BTPPA+Cl- in 10 mM LiCl. All 
potentials are reported with respect to the experimentally-used reference 
electrodes. All voltammetric experiments were run at a sweep rate of 5 mV s-1. 
A thirty micropore array was employed for all experiments (described in 
section 2.1.3) 
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4.2.3 Results and discussion 
4.2.3.1 Adsorptive stripping voltammetry of insulin and albumin 
As shown previously for lysozyme88 and haemoglobin,162 the potential-
controlled adsorption of the protein/polypeptide can be employed for efficient 
preconcentration and lead to improvements in detection limits. However, the 
issue of selectivity is still open to question. With an AdSV approach, two 
opportunities for selectivity are presented: the adsorption process and the 
detection process.  Presented here is an analysis of the prospects for selectivity 
for one protein in the presence of another by examining insulin and albumin 
adsorption and detection. After characterization of the adsorption behaviour of 
insulin, the influence of bovine serum albumin on the electro-activity of 
insulin was investigated.  
The optimum adsorption potentials of insulin and albumin were investigated 
using AdSV, where the adsorption time was held constant at 60 s, with a fixed 
concentration of protein. The adsorption potential was varied from 0.6 V to 
1.0 V, after which linear sweep voltammetry from the adsorption potential to 
0.4 V was implemented. Figure 4.2.3.1(A and B) shows the resulting 
voltammograms for 1 µM insulin and 1 µM albumin, respectively. A plot of 
the resulting peak currents against the adsorption potential is shown in Figure 
4.2.3.1(D). Insulin (○) has its first observable voltammetric response 
following adsorption at 0.775V, and its response peaks at an adsorption 
potential of 0.9 V, beyond which the response diminishes.  Albumin (●) has 
its first observable voltammetric response following adsorption at 0.825 V, 
and its response peaks at an adsorption potential of 0.975 V, beyond which the 
current response also diminishes. Since the optimal adsorption potentials for 
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the two proteins are different, it was postulated that selective adsorption of 
insulin in the presence of albumin could be achieved by careful selection of 
the adsorption potential. AdSV of a mixture of 1 µM insulin and 1 µM 
albumin (Figure 4.2.3.1(C)) was performed to characterise the adsorption 
behaviour of the mixture relative to the behaviour of the individual protein 
solutions. The resulting plot of peak current versus adsorption potential 
(Figure 4.2.3.1(D) – symbol ▼) showed a voltammetric response at 0.825 V 
that peaked with a maximum current response at 0.975 V. Unfortunately, the 
adsorption of the two proteins could not be resolved from one another in such 
an experiment. The adsorption behaviour of the mixture was expected to result 
in two adsorption maxima, corresponding to the adsorption of insulin at ~0.9 
V and albumin at ~0.975 V. From Figure 4.2.3.1(D) it can be seen that the 
mixture of insulin and albumin showed no independent behaviour, and it 
would appear that the presence of albumin affects the adsorption of insulin, 
possibly through protein – protein interactions or inhibition of the adsorption 
process.  
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Figure 4.2.3.1: Adsorptive stripping voltammetry of insulin, albumin and 
their mixtures at the µITIES array.  AdSV of (A) 1 µM insulin, (B) 1 µM BSA 
and (C) a mixture of 1 µM insulin + 1 µM BSA in aqueous phase of 10 mM 
HCl, 60 s pre-concentration time at different applied potentials, from 0.6 V up 
to 1.0 V. Plot (D) shows the peak currents resulting from the varying applied 
adsorption potentials for (○) insulin (●) BSA and (▼) the mixture. Peak 
currents were estimated from a baseline extrapolated from the current at 
potentials lower than the peak maximum. Scan rate 5 mV s-1. 
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4.2.3.2 Detection of insulin in the presence of albumin 
Although the selective adsorption approach did not provide clear-cut evidence 
that one protein could be selectively adsorbed in the presence of another, the 
detection of insulin in the presence and absence of BSA was investigated 
using the AdSV approach. Albumin was used as a model interferent since it is 
an abundant protein present in serum that could potentially interfere in any 
detection method. Here, insulin detection was investigated with 
preconcentration at 0.9 V (the optimum adsorption potential for insulin, see 
section 4.2.3.1) for 60 s in the presence of 1 µM BSA. At this adsorption 
potential, albumin is not expected to produce a significant voltammetric 
response (Figure 4.2.3.1(D)). In Figure 4.2.3.1(A) the AdSV of 1 – 6 µM 
insulin in the presence of 1 µM BSA is shown, demonstrating an insulin 
dependent response. This demonstrates that by optimally tuning the adsorption 
potential, some degree of selectivity can be achieved, although with a cost to 
sensitivity, as shown in Figure 4.2.3.1(B). Although there is no concentration-
dependent response linearity in the concentration range studied for both cases 
(absence and presence of albumin), insulin peaks were resolved in the 
presence of BSA in the aqueous solution. The exact mechanism of disruption 
of linearity remains unclear at present, but this process could involve protein – 
protein interactions and/or inhibition of insulin adsorption by interfacially-
adsorbed albumin.  It is also possible that insulin self-association, which is 
concentration dependent at micromolar concentrations, might also contribute 
to the disruption of linearity.163 These putative phenomena result in a decrease 
in the sensitivity of the detection system. Nevertheless, this demonstrates that 
even though bovine serum albumin interferes with the electroactivity of 
insulin, detection of insulin is still achievable in the presence of another 
protein. 
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The challenge ahead is to improve the selectivity and sensitivity of this 
detection strategy. It is possible to make the measurement more selective by 
implementing a sample pre-treatment or separation step.  For example, this 
could be a capillary electrophoretic separation combined with detection by 
electrochemistry at the ITIES.36 Alternatively, passage through a size-
exclusion89 or other suitable filter membrane might be more practical to 
rapidly and conveniently separate the protein of interest from other proteins. 
Optimisation of these separation strategies will be important to ensure rapidity 
and accuracy.  
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Figure 4.2.3.2: Adsorptive stripping voltammetry of insulin in the presence of 
albumin. AdSV of insulin (1, 2, 3, 4 5 and 6 µM) in the presence of 1 µM 
BSA (A) for an adsorption time of 60 s. (A) The dotted line is the response to 
the background electrolyte only and the dashed line is the response to 1 µM of 
albumin after 60 s preconcentration time at +0.9 V. Error bars are calculated 
from the standard deviations of peak currents from three separate calibration 
curves (for both Insulin and the mixture of insulin and albumin) performed  on 
a single microinterface array. The array was washed between runs and 
background CV and LSV was performed to insure no carryover between 
experiments. (B) Plots of the current height of the insulin desorption peak in 
the absence (●) and the presence of albumin (○). Scan rate 5 mV s-1. 
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4.2.4 Conclusions 
The detection of insulin has been achieved by use of AdSV at the ITIES. 
Investigation of the potential-dependent adsorption of both insulin and 
albumin revealed a 75 mV difference in optimal adsorption potential. By 
selecting an adsorption potential of 0.9 V, where no electrochemical response 
from albumin was expected, AdSV was able to successfully detect insulin in 
the presence of albumin. This work provides the basis for the use of 
electrochemistry at the ITIES as a bioanalytical tool and demonstrates for the 
first time that potential-dependent selective adsorption may offer a route to 
selective detection based on this strategy.  However, improvements in 
sensitivity and selectivity remain as the immediate challenges.  
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Chapter 4 
 
Methods for selective detection of proteins 
at the ITIES (III) 
 
Protein – antibody interactions at the 
polarised liquid – liquid interface 
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4.3.1 Introduction 
One of the major analytical challenges faced in the field of biosensors is 
selectivity, and this is certainly true of electrochemistry at the ITIES. While a 
wide range of different analytes have been studied successfully, cases of 
selective detection of a biomolecule in a complex mixture are relatively rare 
using electrochemistry at the ITIES. The most successful cases being the 
selective detection of protamine  in the presence of NaCl67 and the detection 
of heparin in blood plasma using quaternary ammonium cations as an 
ionophore70.  
Antibodies are well known for exhibiting binding specificity toward the target 
antigen, in this case a protein antigen.164-166 Due to this there may be scope for 
their use to achieve protein selectivity, but also the fundamental 
electrochemistry of antibodies, at the polarised liquid – liquid interface, is to 
date unknown. In this study polyclonal antibodies were selected for use as 
they will have varying binding sites for the antigen as opposed to monoclonal 
antibodies which have a single binding site on the antigen. 165 This would 
generally result in lower association constants, but in this case where non ideal 
conditions are used it would provide the best opportunity for interactions by 
having more than one possible binding site.  Antibodies are known to interact 
with antigens through a variety of ways such as hydrogen bonds, electrostatic 
forces, Van der Waal forces, hydrophobic/hydrophilic interactions and such 
interactions are influenced by the environment, for example factors such as 
ionic strength, pH and temperature all contribute to the interactions.164-167 
Although it is commonly thought that at low pH dissociation of any antigen - 
antibody complex will occur, it is still possible for non-specific interactions to 
occur. It has been observed by Morgan et al.168 that at low pH (2.5), where the 
dissociation of the Aβ peptide from its antibody was expected, the ELISA 
(enzyme linked immunosorbent assay) showed binding between the two 
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molecules. This was attributed to non-specific binding, possibly inducted by 
some denaturation of the molecules at low pH. This feature can be removed 
by adjusting the pH to 3.5 where dissociation occurs without non-specific 
binding and false positives are not produced.168 On this basis it would be 
possible to observe some interactions between a protein and its antibody at 
low pH. The interactions between protein antigens and antibodies have yet to 
be reported in the literature in terms of their electrochemical behaviour at the 
liquid – liquid interface. The effect of antibodies immobilised on the surface 
of a microporous silicon membrane on the transfer of TEA+169 has been 
reported, however as the antibodies were immobilised their direct 
electrochemistry was not established and also there was no antigen present to 
interact with the antibody. Although there is little work reported for the use of 
antibodies in liquid – liquid electrochemical experiments, there have been 
numerous examples for that of solid – liquid electrochemistry. The 
electrochemistry of immunoglobulin G (IgG) has been investigated in terms of 
its effects on faradaic processes where it was found to adsorb at electrode 
surfaces.170, 171 Antibodies have also been employed in conducting polymer 
membranes in attempts to develop an electrochemical immunosensor172 and 
the interactions between rabbit IgG antigen and antibody were observed by 
amperometry in a flow injection system.173 The work presented here aims to 
provide a preliminary investigation into the behaviour of an antibody, anti – 
bovine serum albumin (anti – BSA), and its antigen, bovine serum albumin 
(BSA), at the interface between two immiscible electrolyte solutions.            
4.3.2 Experimental section 
4.3.2.1 Reagents 
All the reagents were purchased from Sigma-Aldrich Australia Ltd. and used 
as received, unless indicated otherwise. The liquid organic phase was prepared 
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using bis(triphenylphosphoranylidene) tetrakis(4-chlorophenyl)borate 
(BTPPA+TPBCl-, 10 mM) in 1,6-dichlorohexane (1,6-DCH). The organic 
phase electrolyte salt BTPPA+TPBCl- was prepared by metathesis of 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl-) and 
potassium tetrakis(4-chlorophenyl) borate (K+TPBCl-).121 Aqueous stock 
solutions of albumin (from bovine serum, 98 %) were prepared in 10 mM HCl 
(pH 2) or 1 mM PBS (pH7.4) on a daily basis and stored at +4 ºC. All the 
aqueous solutions were prepared in purified water (resistivity: 18 MΩ cm) 
from a USF Purelab Plus UV.  
 
4.3.2.2 Experimental set-up 
For this work the organic phase was not gellified. The liquid organic phase 
solution was introduced into the silicon micropore arrays via the glass 
cylinder, and the organic reference solution was placed on top of the organic 
phase. The silicon membrane was then inserted into the aqueous phase (10 
mM HCl or 1 mM PBS, without or with albumin and/or anti-albumin). 
Voltammetric experiments were then performed. The electrochemical cell 
arrangement used for the experiments was a two-electrode cell,122 with one 
Ag|AgCl electrode in the organic phase and one in the aqueous phase. The 
organic phase reference electrode was immersed in an aqueous reference 
solution of 10 mM BTPPA+Cl- in 10 mM LiCl. All potentials are reported 
with respect to the experimentally-used reference electrodes. All voltammetric 
experiments were run at a sweep rate of 5 mV s-1. An eight micropore array 
was employed for all experiments (described in section 2.1.3) 
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4.3.2.3 Preparation of antibody solution 
The antibody solution was prepared from whole serum IgG anti – bovine 
albumin produced in rabbit (Sigma) which was stored at -18 °C. The 
polyclonal antibody contained 15 mM sodium azide as a preservative. To 
ensure that the sodium azide caused no interference with the electrochemistry, 
a dialysis was performed. To do this the antibody serum was thawed and 
added into a 1 mL dialysis tube (Float-A-Lyzer G2, Spectrum Labs). The 
dialysis tube has a molecular weight cut off range of 100 – 500 daltons (Da), 
as sodium azide has a molecular weight of 65 g mol-1 it is allowed pass 
through the membrane while the antibody cannot. The antibody was allowed 
to dialyse for 24hrs in 2 L of deionised water. The water was changed four 
times through the dialysis. Once the dialysis was complete the antibody serum 
was used by direct addition to the aqueous solution in the electrochemical cell. 
The antibody was only used directly after the dialysis and was not refrozen. 
 
4.3.3 Results and discussion 
4.3.3.1 Voltammetry of anti – albumin 
Figure 4.3.3.1 shows the CV of 0.3 µM anti-BSA (prepared as described in 
4.3.2.3) in an aqueous phase of 10 mM HCl. When compared to the 
background scan it can be seen that there are no significant charge transfer 
processes which occur in the potential window studied. This would indicate 
that the antibody is not electroactive in this region, possible due to not having 
enough ionisable side chains which would leave the molecule with insufficient 
charge.79, 148 As the iso-electric point of the antibody is ~6.5174, some portion 
of its amino acid chain should be ionised. It may be possible that the antibody 
has enough ionisable amino acid side chains, but does not undergo facilitated 
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ion transfer of the organic electrolyte within the available potential range used 
for the experiment. This would require further investigation to clarify, 
although it does not have any negative implications for using this antibody to 
achieve selectivity in a protein detection experiment, as it can be seen that the 
antibody will not produce any significant background interference in the 
regions where protein voltammetry is typically observed. Also the 
concentration of antibody is at the lower end of what would be typically used 
for CV experiments involving protein detection at the ITIES so the lack of a 
voltammetric response could be concentration dependant. This is due to 
practical limitations on the amount of antibody available for use with each 
experiment, such as cost and the difficulty in preparing a more concentrated 
solution of anti-BSA due to the fixed concentration of the serum, at 3 mg/mL 
of anti-BSA. A scaled down version of the experiment involving a much 
smaller volume of aqueous phase would allow for higher concentrations of the 
antibody to be used in a more practical manner.     
 
Figure 4.3.3.1: CV of the µ-ITIES array containing 10 mM HCl in the 
absence (dashed line) and presence of 0.3 µM anti-BSA (solid line). Scan rate 
5 mV s-1 
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4.3.3.2 Electrochemistry of BSA and anti-BSA mixture 
The anti-BSA and BSA voltammetric responses were characterised so they 
could provide as a suitable reference for comparison of the mixture of the 
antibody and protein, as seen in figures 4.3.3.1 and 4.3.3.4 respectively. 
Figure 4.3.3.2 shows the voltammetry of 10 µM BSA + 0.3 µM anti-BSA in 
10 mM HCl. The background scan of 0.3 µM antibody was taken before the 
addition of protein and used as a reference against peak currents produced. 
Once the protein was added to the antibody solution it was given 20 mins to 
interact before the first scan. After this scans were run periodically up to 120 
min. It was observed that although the reverse peak current remained more or 
less unchanged with only minor deviations, the forward peak current grew in 
magnitude over time, as can be seen from Figure 4.3.3.3, which plots peak 
current at 0.9 V against time after addition of the protein to the antibody 
solution. This response is indicative of some new charge transfer process 
which is characteristic of the protein – antibody mixture, or possible just the 
protein, and is time dependant. Figure 4.3.3.4 shows the voltammetry of BSA 
in 10 mM HCl. The BSA shows little response, but a small increase in peak 
current on the forward scan is seen at around 0.9 V. Three consecutive scans 
of 10 µM BSA were run and it can be seen that they overlay almost perfectly 
showing that the system is stable and cycling has no effect of the peak 
currents.  This would imply that there is some form of interaction between the 
protein and antibody which in turn produces an increase in forward peak 
currents but does not seem to affect the reverse scan. Forward peak currents 
are associated with either positive ions transferring from the aqueous phase to 
the organic phase or negative ions transferring from the organic. Although the 
conditions for BSA – anti BSA binding were certainly not at an optimum, the 
use of polyclonal antibodies provides the best opportunity for interactions in 
unfavourable conditions.167 At this point there is not enough evidence to 
establish a detailed mechanism for the interactions taking place. More 
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investigation is needed to elucidate the mechanistic information of the protein 
– antibody interactions, although the preliminary results indicate that protein – 
antibody interactions may be of use for biomolecular detection at the ITIES, 
or at least produce some unique electrochemical response.  
 
 
Figure 4.3.3.2: CV of “blank” 0.3 µM anti-BSA in 10mM HCl (dashed line) 
and 0.3 µM anti-BSA + 10 µM BSA (solid lines) Scans of mixture are taken 
over time from 20 minutes after addition of BSA to the anti BSA, up to 120 
minutes after addition. Scan rate of 5 mV s-1. 
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Figure 4.3.3.3: Plot of peak current at 0.9 V against time after addition of 
BSA to the anti-BSA solution. Data relating to the CV’s in Figure 4.3.3.2. 
Peak current at 0 mins corresponds to current at 0.9 V for the background CV 
produced from the 0.3 µM anti-BSA solution. 
 
 
Figure 4.3.3.4: CV of blank 10 mM HCl (dashed line) and 10 µM BSA (solid 
line). Shown is three CVs of the BSA scan which overlap. Scan rate 5 mV s-1. 
 
115 
 
 
4.3.3.3 Antibody – antigen electrochemistry at physiological pH 
The electrochemistry of BSA and an anti-BSA and BSA mixture was 
investigated at physiological pH as these conditions are most likely to favour 
protein – antibody interactions. Unfortunately these are also the conditions 
least favourable for protein detection at the ITIES as proteins are generally not 
positively charged at this pH, and thus do not undergo charge transfer 
processes. Figure 4.3.3.5 shows the voltammetry of 10 µM BSA and 10 µM 
BSA + 0.3 µM antibody at pH 7.3 in 1 mM PBS solution. It was observed that 
the voltammogram shifted slightly towards more positive potentials, this 
shifting is most likely due to protein and antibody adsorbing at the interface 
and at the electrode surface.170, 171 As neither the BSA nor mixture of protein 
and antibody exhibits any distinctive electrochemical features under these 
conditions it can be concluded that using voltammetry at physiological pH is 
not a viable option. It is worth noting that although this particular experiment 
produced no positive results for selective detection, a change in protein – 
antibody combination could warrant investigation. A protein or peptide that is 
positively charged at physiological pH with its corresponding antibody may 
produce different results. Amylin is one possible example of a peptide which 
could be viable for such studies as it is a cation at pH 7.3175.    
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Figure 4.3.3.5: CV of blank 1 mM PBS (dashed line) 10 µM BSA and a 
mixture of 10 µM BSA + 0.3 µM anti-BSA (solid lines). The mixture is the 
solid line with larger positive currents. Scan rate 5 mV s-1. 
4.3.4 Conclusions 
The electrochemistry of the antibody, anti-bovine serum albumin IgG, was 
investigated at the electrified liquid – interface. It was shown that at pH 7.3 
there was no electrochemical response observed for the BSA and anti-BSA 
mixture, which is expected, as all previous studies showed that when a protein 
is neutral or anionic there is no ion transfer visible. The albumin control at pH 
7.3 also showed no response, although on addition of the albumin and the 
albumin – antibody mixture there was a shift in the background 
voltammogram, this is in line with reports of protein and antibody adsorption 
to interfaces, but it is of little analytical use for cyclic voltammetric methods 
at the ITIES. At pH 2 BSA produces a stable and reproducible voltammogram 
and the anti-albumin produces little deviations from the background currents. 
The mixture of BSA and anti-BSA shows an increase in current on the 
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forward sweep at ~0.9 V which is time dependant. This is indicative of some 
protein – antibody interaction, which as of yet is undefined. It is possible some 
non-specific interactions are occurring between the antigen and antibody. 
Although there are many unknowns in regards to the mechanisms of 
interactions and the cause of the increase currents it would appear there would 
be scope for further research into this area. 
As this is a preliminary study it has if anything raised more questions than 
provided answers and there are many avenues of future work which could be 
considered. As stated previously in the discussion, the miniaturisation of the 
aqueous phase to accommodate more practical and cost effective dilutions of 
the antibody should be considered for any future work. The effects of higher 
concentrations of antibody are still unknown and having the antibody in 
excess of the protein concentration may give alternative results. Also as 
mentioned in the discussion, the choice of the antigen – antibody combination 
needs to be given some thought, perhaps a peptide such as amylin which is 
electroactive at physiological pH, would allow for the observation of protein – 
antibody interactions under more favourable conditions. In this work the 
electrochemistry was probed using only cyclic voltammetry, perhaps using 
alternative techniques such as AC voltammetry or electrochemical impedance 
spectroscopy might give further information. It would also be worth 
considering the use of non-electrochemical techniques to probe the antibody – 
protein interactions, for example, the non-specific binding may be possible to 
evaluate by using ELISA with the anti-albumin and albumin using the 
conditions employed for the electrochemistry.  
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Chapter 5 
Impact of surfactant on the electroactivity 
of proteins at an aqueous-organogel 
microinterface array 
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5.1 Introduction  
The effect of surfactant on the voltammetric behaviour of hemoglobin (Hb), 
myoglobin (Mb), and cytochrome c (Cyt c) at a liquid-liquid interface was 
investigated. Hb, Mb and Cyt c are all haem-containing proteins. 
Haemoglobin, molecular mass 64 kDa,176  is responsible for oxygen transport 
in red blood cells.177, 178 Myoglobin, comprised of a single chain of 153 amino 
acids with a molecular mass of 16.7 kDa,104 is an oxygen-binding protein 
responsible for the transportation and storage of 02  in muscle cells.106 Elevated 
levels of Mb can be associated with acute myocardial infarction (AMI).107, 110 
Cytochrome c, molecular mass 13 kDa179, is found in the mitochondria and is 
mainly associated with adenosine triphosphate (ATP) synthesis.179 
The work presented in this chapter is concerned with the impact on protein 
electroanalytical behaviour of the modification of the gelled ITIES with a 
surfactant, Sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate 
(AOT). Surfactants have received much attention in the field of biotechnology 
as reagents for protein extraction, separation, pre-concentration and 
purification,180, 181 including study of the effects of water composition182, 
pH183 and other factors on the extractions. Reverse micelles are of particular 
interest as they provide a unique environment within the organic solvent phase 
which allows the retention of a protein’s 3-dimensional structure and 
function.184  
From an electrochemical perspective, surfactants have been used to modify 
electrode surfaces and to enhance the electrochemical response to proteins.185-
187 The direct electrochemistry of Hb188 and cytochrome c oxidase189 was 
reported at surfactant-modified glassy carbon electrodes. Similarly the 
electrochemistry of cytochrome P450 was reported on a surfactant-modified 
pyrolytic graphite electrode, where the surfactants were used to mimic the 
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biological cell membrane in order to achieve optimal electron transfer.190 
Vagin et.al have reported spontaneous micelle formation at the ITIES when 
the sodium salt of bis(2-ethylhexyl)sulfosuccinate (NaAOT) was added to the 
liquid organic phase.65 Osakai and co-workers have reported the 
adsorption/desorption of proteins in the presence of surfactants80 and have 
demonstrated the transfer of proteins from the aqueous to the organic phase 
via electrochemically-controlled reverse micelle formation.72 The group also 
investigated the mechanism of solvent extraction of proteins from the aqueous 
to organic phases in terms of interfacial potential and surface tension.75 
However, these reports discussed extraction and mechanistic issues without 
addressing analytical impacts such as sensitivity enhancement. 
The aim of the work reported herein was to investigate the influence of the 
surfactant AOT on the electroanalytical behavior of Hb, Mb and Cyt c at the 
µITIES array. In particular, the mechanism of protein-surfactant interaction at 
an array of micro-sized interfaces between aqueous and gelled organic phases 
was of interest, because these miniaturised and stabilised interfaces provide a 
platform for sensing and detection applications. However their behaviour is 
different from liquid-liquid ITIES, in that radial diffusion from the aqueous 
phase is coupled with slower diffusion in the gelled organic phase.119, 191 
Addition of the surfactant to the organic phase may result in modified 
behaviour in comparison to that at regular liquid-liquid ITIES.72, 80 As 
reported recently by Jensen and co-workers, the formation of dielectric layers 
and charge regulation on either side of the ITIES will affect the interfacial 
properties87, thus the addition of an anionic surfactant to the organic phase in 
the presence of a cationic protein in the aqueous phase is expected to affect 
protein behaviour at the interface and hence influence the electroanalytical 
response.  
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5.2 Experimental details 
5.2.1 Reagents  
All the reagents were purchased from Sigma-Aldrich Australia Ltd. and used 
as received unless indicated otherwise. The gelled organic phase was prepared 
using bis(triphenylphosphoranylidene)ammonium tetrakis(4-
chlorophenyl)borate (BTPPATPBCl, 10 mM) in 1,6-dichlorohexane (1,6-
DCH) and low molecular weight poly(vinyl chloride) (PVC).120 The surfactant 
AOT was added to the organic phase, as the sodium salt dissolved in 1,6-
DCH, during gel preparation. The BTPPATPBCl salt was prepared by 
metathesis of bis(triphenylphosphoranylidene)ammonium chloride 
(BTPPACl) and potassium tetrakis(4-chlorophenyl)borate (KTPBCl) as 
previously described.192 The bis(triphenylphosphoranylidene) bis(2-
ethylhexyl)sulfosuccinate salt, (BTPPAAOT) was prepared by metathesis of 
BTPPACl and bis(2-ethylhexyl)sulfosuccinate sodium salt NaAOT. The 
reactants were added in a 1:1 molar ratio, and dissolved in a 1:1 
(volume:volume) mixture of acetone and methanol. The white precipitate 
reaction product was separated and washed with cold de-ionized water and 
dried on a vacuum pump. The product was dried in a desiccator overnight and 
stored at +4 ºC. Stock solutions of Mb, Hb and Cyt c were prepared in 
aqueous 10 mM HCl on a daily basis and stored at +4º C. Tetraethyl 
ammonium (TEA+) chloride solutions were prepared in aqueous 10 mM HCl. 
All aqueous solutions were prepared with purified water of resistivity 18 MΩ 
cm, from a USF Purelab plus UV system (Millipore Pty Ltd, North Ryde, 
NSW, Australia).  
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5.2.2 Experimental set-up 
Once prepared as described in section 2.1.3 the gelled organic phase solution 
was introduced into the silicon micropore arrays via the glass cylinder, and the 
organic reference solution was placed on top of the gelled organic phase. The 
silicon membrane was then immersed into the aqueous phase (10 mM HCl, 
Mb, Hb or Cyt c in 10 mM HCl, and/or TEA+ in 10 mM HCl).  
The electrochemical cell employed  two electrodes,122 with one Ag|AgCl 
electrode in the organic phase, via an reference phase composed of aqueous 10 
mM BTPPACl in 10 mM LiCl, and one directly in the aqueous phase. Up to 
three voltammetric cycles were run in succession and typically the third CV 
cycle was used for measurement, unless indicated otherwise. For Mb, stable 
CVs over these three cycles were obtained but for Hb and Cyt c, currents 
increased on repeated cycling. An eight micropore array was employed for all 
experiments (described in section 2.1.3) 
 
5.3 Results and discussion  
5.3.1 Effect of surfactant concentration on myoglobin 
electrochemistry 
The effect of surfactant concentration on protein detection at the ITIES was 
investigated using cyclic voltammetry (CV) (Figure 5.3.1). The surfactant was 
added to the gelled organic phase, during gel preparation, as the sodium salt of 
AOT. A range of surfactant concentrations were studied. The main change on 
the forward sweep of these CVs is appearance of a new peak at ca. 0.4 V 
(Figure 5.3.1(b,c,d)) and a small shoulder at ca. 0.95 V (Figures 5.3.1(b,c)). 
The large forward peak at the positive limit of the potential window (Figure 
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5.3.1(a-d)) is the potential window-limiting background electrolyte transfer. 
These features do not appear without the presence of both protein (aqueous 
phase) and NaAOT (organogel phase). The peak at ~0.45 V is much more 
pronounced at the highest concentration of surfactant used (10 mM) and 
suggests a protein-surfactant interaction as this feature is not visible in the 
absence of surfactant. The main impact of surfactant on the reverse scan was 
the increase in the peak at ca. 0.65 V with surfactant concentration. In the 
absence of surfactant, this peak Figure 5.3.1(a) is attributed to dissociation of 
the protein-organic anion complex and desorption of the protein from the 
interface.84 This peak increases significantly with surfactant concentration. A 
comparison of the reverse peak currents for 6 µM Mb in the absence 
(Figure5.3.1(a)) and presence of a high concentration of surfactant (Figure 
5.3.1(d)) shows a six-fold increase, from approximately 0.5 nA to 3 nA. The 
peak shape is also seen to change, with the appearance of a slight shoulder in 
the presence of surfactant. The overall shape of the voltammogram is shown 
to change considerably in the presence of 10 mM NaAOT in the organogel. A 
marked increase in background charging current is also evident, which is 
attributed to the formation of a surfactant-protein assembly at the interface, 
which alters its capacitance.193 The background current at 0.3 V, where no 
interfacial charge transfer occurs, is seen to increase by an order of magnitude 
in the presence of 10 mM surfactant (Figure 5.3.1(d)) relative to the 
voltammogram where no surfactant is present (Figure 1(a)).  
The interfacial coverage of Mb at the µITIES array was determined from the 
charge under the reverse scan peak (0. 65 V) using equation 5.3.1.125 
|ܳ| ൌ ݖ௜ܨܣ߁   Eqn 5.3.1 
Here, |Q| is the charge under the desorption peak (C), ݖ௜ is the charge on the 
protein, F is Faraday’s constant (C mol-1), A is the total geometric area of the 
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microinterfaces (cm2) in the array, and ߁ is the surface coverage. The 
interfacial coverage at surfactant concentrations of 0, 0.1, 1 and 10 mM were 
determined to be ~ 50, 60, 248 and 850 pmol cm-2, respectively. Given that the 
concentration of Mb was fixed at 6 µM, this indicates that the surfactant 
facilitated a 17-fold increase in the interfacial coverage of adsorbed protein at 
the interface. An adsorbed monolayer of Mb has an interfacial coverage of 
1.02 x 10-11 mol cm-2, taking into consideration the assumptions that the 
molecule is spherical, occupies a close-packed hexagonal arrangement and is 
not distorted by the adsorption process. The monolayer coverage data was 
calculated from equation 5.3.2 below, where ߁௠௢௡ is the interfacial coverage 
of a monolayer, ݎ୦ is the hydrodynamic radius of Mb (2.12 nm)194, NA is 
Avogadro’s number, and 0.87 is a factor to include the maximum occupied 
area when hexagonal close packing is assumed.147 The interfacial coverages of 
50, 60, 248 and 850 pmol cm-2 can therefore be expressed as a function of 
monolayer coverage, and correspond to 4.6, 6.1, 24 and 83 monolayers, 
respectively.  
߁௠௢௡ ൌ ଴.଼଻గ௥౞ேಲ    Eqn 5.3.2 
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Figure 5.3.1: CV of 6 µM Mb in the presence of (a) 0 mM, (b) 0.1 mM, (c) 1 
mM and (d) 10  mM organic-phase surfactant, NaAOT. Scan rate 5 mV s-1. 
All CVs are the third scan of three. 
 
5.3.2 Surfactant behaviour at the µITIES array 
To probe the interaction of the surfactant with the protein, the BTPPAAOT 
salt was employed as the only electrolyte in the organogel phase. The protein-
TPBCl interfacial interaction is the basis for protein detection by voltammetry 
at the ITIES in the absence of surfactants.77-79, 82, 84, 85, 88, 118, 120, 148 By addition 
of a hydrophobic salt of the surfactant as the electrolyte in the organic phase, 
the interactions of TPBCl anions with cationic protein are removed, and 
consequently the protein-surfactant interactions can be monitored more easily. 
As a result, any electrochemistry seen in the presence of the protein can be 
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attributed to interactions between the cationic protein and the AOT anion in 
the organic phase.  
The electrochemical window for the BTPPAAOT electrolyte (Figure 5.3.2(a)), 
was significantly narrower (ca. 200 mV wide) than that for NaAOT added to 
the BTTPATPBCl electrolyte (Figure 5.3.2(b)) (ca. 700 mV wide). Evidently, 
the removal of the usually-used organic phase electrolyte anion TPBCl has an 
impact. In its presence, the available potential window is limited at the 
positive side by transfer of this anion from the organic phase into the aqueous 
phase; in its absence, the anion present, AOT, transfers at a lower potential 
and hence the positive limit is lower resulting in the narrower available 
potential window. However, the fact that the potential window is wide in the 
presence of both TPBCl and AOT organic phase anions indicates that some 
additional process occurs to prevent, or at least diminish the impact of, AOT 
transfer into the aqueous phase. An AOT-associated process occurs at ca. 0.4 
V in the presence and absence of both TPBCl and protein (Figures 5.3.1 
and5.3. 2). The current for this process is larger in the absence of TPBCl than 
in its presence. Notably, in the presence of TPBCl, AOT is added as a sodium 
salt, which may have a lower solubility in the organic phase than 
BTPPAAOT. Hence the charge transfer process at ca. 0.4 V may simply be a 
concentration-dependent transfer (or adsorption) of AOT.   
On addition of 6 µM Mb to the cell containing organic phase BTTPAAOT 
(Figure 5.3.2(a)), a new adsorption/desorption feature appeared, at ~0.32 V on 
the forward sweep and at ~0.25 V on the reverse sweep.72 This feature is 
attributed to interactions between the cationic protein and the anionic 
surfactant. For each blank CV an increase in current is observed towards the 
positive end of the potential window, due to background electrolyte transfer.75 
This process is due to the anionic AOT transfer in the absence of TPBCl 
(Figure 5.3.2(a)), and the larger current relative to that in Figure 5.3.2(b) may 
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be a result of solubility when present as the organic cation salt. The CV 
without protein and with organogel containing 10 mM NaAOT and 10 mM 
BTTPATPBCl (Figure 5.3.2(b)) shows a small peak at ca. 0.4 V on the 
forward scan and a reverse peak at ca. 0.3 V. This feature is concentration-
dependent and attributed to surfactant transfer/adsorption, as seen in Figure 
2(a). The fact that this AOT-associated peak increased in magnitude with 
concentration in the presence of protein (Figure 5.3.1 (a)) indicates the 
formation of a protein-surfactant complex; this peak is seen in all 
voltammograms containing high surfactant concentrations. 
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Figure 5.3.2: (a) CV in the absence (dashed line) and presence (solid line) of 
6 µM Mb. Scan rate 5mVs-1. The organic phase contains 10 mM 
BTTPAAOT. (b) CV with the organogel phase containing 10 mM 
BTTPATPBCl plus 10 mM NaAOT. Scan rate 5 mV s-1. All CVs are the third 
scan of three. 
 
129 
 
 
5.3.3 Influence of aqueous phase cation on electrochemical response 
To further investigate the role of AOT on the system, NaCl was added to the 
aqueous phase as 1 mM NaCl in 9 mM HCl, keeping the concentration of 
chloride constant as with previous experiments.  10 mM NaAOT was used in 
the organic phase containing 10 mM BTTPA TPBCl. The aim of this 
experiment being to compare the result to Figure 5.3.2(b), where the only 
aqueous cation was H+. The results shown in Figure 5.3.3 show that upon 
addition of the NaCl to the aqueous phase a linear response between current 
and voltage is observed. This type of response has been previously reported in 
the literature by Vagin et al. and is attributed to spontaneous micelle formation 
between the aqueous cation and the surfactant molecules.65 Although it is 
perhaps more likely that the interface is no longer polarisable due to the fact 
that Na+ ions are present on both sides of the interface and are free to transfer 
under applied potentials. If that was the case, the interface should behave like 
an ideally non – polarisable electrode, producing a vertical line for the plot of 
current vs potential. Given that a sloped line was obtained, as seen in Figure 
5.3.3, this may be indicative of the high resistance of the cell under the 
conditions employed. 
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Figure 5.3.3: LSV of 1 mM NaCl in 9 mM HCl aqueous phase with 10 mM 
NaAOT present in the organic phase. 10 mM BTPPA TPBCl present as 
normal, scan rate 5 mV s-1. 
5.3.4 Effects of surfactant on simple ion transfer 
The effects of AOT on simple ion transfer were investigated. Shown in Figure 
5.3.4 is the CV of 10 µM TEA+ in the presence of varying concentrations of 
AOT in the organic phase as its sodium salt. It would appear that the presence 
of AOT has an effect on TEA+ transfer, although there is no obvious trend 
visible. This may provide an insight to a more complicated mechanism which 
underlies the process. The structure of the surfactant at the interface is likely 
to be concentration dependent, as seen by the appearance of a peak at 0.4 V on 
the forward sweep which is only observed at the highest concentration of 
surfactant, 10 mM. This could produce differences in the structure and 
potential of the electric double layer and in turn affect the ion transfer process. 
Previous results have indicated that the presence of surfactants or lipid layers 
at the interface can both increase and decrease ion transfer at the ITIES.195-198 
In the case where surfactant decreased the rate of ion transfer, it was proposed 
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that the presence of surfactant formed close packed layers at the interface. 
This packed layer formation was thought to inhibit ion transfer across the 
interface. Where the presence of surfactant was found to increase ion transfer 
across the interface, it was proposed that a change in double layer structure 
was responsible for the observed effects, which is backed up by the theoretical 
work of Strutwolf et al. 195 It may be the case, as seen in Figure 5.3.4, that the 
varying concentrations of surfactant, result in differing double layer 
properties, affecting the ion transfer of TEA+. 
 
Figure 5.3.4: CV of 10 µM TEA+ in the presence of 0 – 10 mM AOT in the 
organic phase. Aqueous phase electrolyte is 10 mM HCl, organic phase 
electrolyte is 10 mM BTPPA TPBCl. Scan rate 5 mV s-1. 
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5.3.5 Comparison of electrochemical sensitivity in the presence and 
absence of surfactant 
 CV was employed to construct a calibration curve for Mb over the 
concentration range of 1 – 6 µM (aqueous phase) in the presence of 10 mM 
NaAOT in the gelled organic phase (Figure 5.3.5). These data were then 
compared to those obtained in the absence of surfactant.148 The most 
prominent peak in these voltammograms, in the presence or absence of 
surfactant, is the protein desorption peak (+0.65 V) on the reverse scan and so 
this was used to compare the electrochemical sensitivities. The peak currents 
observed at the lowest concentration, 1 µM Mb, in the absence and presence 
of surfactant were -0.07 nA and -0.40 nA, respectively; in the case of the 
maximum concentration, 6 µM Mb, the peak currents observed were -0.5 nA 
and -3.0 nA, respectively. The addition of surfactant induced a ca. six-fold 
increase in peak currents. The plots of reverse peak current versus 
concentration of Mb were linear, with R2 values of 0.99 in both the presence 
(Figure 5.3.5(b)) and absence148 of surfactant. However the slopes were -0.08 
nA µM-1 and -0.50 nA µM-1 in the absence and presence of surfactant, 
respectively, indicating an increase in sensitivity in the presence of surfactant. 
The forward sweep in the presence of 10 mM NaAOT shows a peak at ~0.4 V 
(Figure 5.3.5(a)). This peak increased in magnitude with increasing 
concentration of protein, with a slope of 0.28 nA µM-1, but does not appear in 
the absence of surfactant.148 It is likely that the presence of AOT at the 
interface facilitates the adsorption of Mb, resulting in larger currents than in 
the absence of surfactant.148 This is reflected by the large increase in 
calculated surface coverage discussed above. It appears that a protein-
surfactant-electrolyte anion complex is formed and accumulates at the 
interface during the course of the potentiodynamic cycle. The mechanism by 
which the protein, surfactant and organic anion interact to produce the 
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voltammetry shown is more complex than the protein – surfactant interfacial 
reaction proposed by Osakai and co-workers80, which considered the 
interaction of anionic surfactants with cationic proteins. The additional 
interaction of organic phase electrolyte anion in the present study has been 
reported to be the basis of the interfacial charge transfer process.77,78, 79, 84, 85, 
118, 119 The mechanism may simply be a competition for cationic sites within 
the protein by both AOT and TPBCl.  
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Figure 5.3.5: (a) CV of 1, 2, 3, 4, 5 and 6 µM Mb, scan rate 5 mVs-1. Organic 
phase contains 10 mM NaAOT. (b) Plot of peak at current ~0.4 V versus 
myoglobin concentration on the forward sweep (positive current values), and 
plot of peak at current at ~0.65 V versus myoglobin concentration on the 
reverse sweep (negative current values), showing linear dependence of peak 
current with concentration for the reverse peak. All CVs are the third scan of 
three.  Data in part (b) are the means of three scans, with the error bars 
representing +/- one standard deviation. 
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5.3.6 Comparative voltammetry of haemoglobin, myoglobin and 
cytochrome c 
 In order to assess whether the impact of surfactant on protein voltammetry 
was general, CV was carried out on three haem-containing proteins, 
haemoglobin, myoglobin and cytochrome c. The aim here was to determine if 
the effects of the surfactant were consistent across a range of proteins or if the 
effects were varied depending on the protein characteristics (structure, size, 
charge). The CVs with and without surfactant are shown in Figure 5.3.6. It can 
be clearly seen that the surfactant effects are similar in the presence of all 
proteins. The background charging current increases dramatically in the 
presence of 10 mM NaAOT in the organic phase, and the peak currents for the 
protein desorption show marked increases (Figure 5.3.7). The surfactant – 
protein peak is present on the forward scan at ~ 0.4 V for all three proteins and 
in the case of Cyt c the reverse peak corresponding to the surfactant-related 
desorption can be more clearly seen, at ~0.3 V, than for Mb and Hb. This 
indicates that although the approach is not inherently selective for one protein 
over another, it can still identify individual proteins as each yield a 
characteristic voltammetric response, i.e. distinctive shapes and potentials are 
recorded for each protein. These results are consistent with the concept of 
facilitated adsorption of the protein by the surfactant,80 as the proteins are 
present in a cationic state and the surfactant is anionic and surface active. The 
pre-peaks seen on the forward scan, at ca. 0.85 – 0.9 V, are visible in the 
presence and absence of surfactant and their potentials are unaffected by the 
surfactant. This is further evidence that the surfactant serves to enhance 
adsorption at the interface and that the proposed mechanism of FIT-based 
protein detection84 is operating in both systems. The data listed in Figure 5.3.7 
also show that the peak current to protein charge ratio is constant across the 
three proteins studied and varies only with the absence/presence of surfactant. 
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This indicates again the beneficial role of the surfactant, as the greater ratio is 
indicative of greater levels of protein adsorption in the presence of surfactant.  
 
Figure 5.3.6: (a) CV of 6 µM Mb (solid line), Hb (long dash) and Cyt c 
(dots), scan rate 5 mV s-1. The short dashed line represents the blank CV. No 
surfactant is present in the organic phase. (b) CV of 6 µM Mb (solid line), Hb 
(long dash) and Cyt c (dots), scan rate 5 mV s-1. The short dashed line 
represents the blank CV. The organic phase contained 10 mM NaAOT. All 
CVs are the third scan of three.  
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Protein  |Peak 
current| 
(iP) 
(without 
surfactant) 
nA 
|Peak 
current| 
(iP) (with 
surfactant) 
nA 
Protein 
Charge 
(zi) at pH 
2 
iP/ zi  ratio 
(without 
surfactant) 
iP/ zi  ratio
(with 
surfactant)
Hb 1.27 4.66 +62 0.02 0.08 
Mb 0.71 2.95 +32 0.02 0.09 
Cyt c 0.54 2.47 +27 0.02 0.09 
 
Figure 5.3.7: Summary of current data and current-charge ratios obtained 
from Figure 4.Data obtained for the CVs shown in Figure 4. Hb = 
haemoglobin, Mb = myoglobin, Cyt c = cytochrome c. Peak currents taken 
from the desorption peak at ca. +0.6 V. 
 
5.3.7 Multi-sweep CVs in the presence of surfactant 
The voltammograms presented in Figure 5.3.8 (a,b and c) show repeated CVs 
for Mb, Hb and Cyt c respectively. The Mb CV is quite stable, while that for 
Hb is more variable. However, for Cyt c, there is a substantial variation over 
the course of the repeated CVs: all peaks present on the forward and reverse 
sweeps increase in magnitude with increasing cycle (Figure 5.3.8(a)). It was 
found that the desorption peak current, at ~0.65 - 0.7 V, is ~ -1.55 nA on the 
first scan and by the seventh scan has increased to ~ -3.7 nA. This indicates 
that an increased amount of protein is adsorbed at the interface with each 
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cycle, resulting in larger peak currents. This effect of increasing peak currents 
with scan number is not present in the corresponding experiments without 
surfactant (Figure 5.3.6(a)) where the voltammograms for a given 
concentration of protein show a high degree of reproducibility. The multi-peak 
character of the protein desorption peak becomes more pronounced with 
increasing cycle number. This may indicate a more complex structural 
relationship between the surfactant and protein, which merits further 
investigation. 
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Figure 5.3.8: CVs of 6 µM Mb (a), Hb (b) and Cyt c (c) in the presence of 10 
mM organic-phase surfactant, NaAOT. Scan rate 5 mV s-1.Overlay of three 
consecutive CV’s shown. 
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5.3.8 LSV and AdSV in the presence of surfactant 
Linear sweep voltammetry was carried out in the presence of 10 mM AOT as 
shown in Figure 5.3.9. The potential was swept from 1.2 V to 0 V with 6 µM 
Mb present in the aqueous phase. Two distinct processes are observed at ~  
0.75 V and ~ 0.3 V. These two processes are as observed previously in 
Figures 5.3.2, 5.3.5 and 5.3.6 where protein – surfactant interactions and 
protein – anion interactions are attributed to the processes at 0.3 V and 0.75 V 
respectively. The inset in Figure shows 5.3.9 shows that a shoulder peak is 
observed at the 0.3 V process. Again, using voltammetry alone it is difficult to 
deduce an exact mechanism of interaction between the protein and surfactant.  
 
Figure 5.3.9: LSV of blank (dashed lines) and 6 µM Mb (solid line) in the 
presence of 10 mM NaAOT in the organic phase. Inset shows magnification 
of peaks obtained. Scan rate 5 mV s-1.  
 
That aside, the enhanced adsorption of proteins by the surfactant may be of 
use for achieving lower detection limits by using adsorptive stripping 
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voltammetry as a pre concentration step. The AdSV of 6 µM Mb was carried 
out as shown in Figure 5.3.10. The adsorption times used were 120 s and 400 
s which produced peak currents at ~ 0.65 V of 2.2 nA and 3.4 nA respectively.  
This compares to a peak current of ~ 3 nA for cyclic voltammetry seen in 
Figure 5.3.5. Interestingly the process observed at 0.3 V is no longer visible in 
Figure 5.3.10, possibly its charge transfer has occurred during the adsorption 
time where no voltammetric data is observed. Another possibility is that the 
surfactant process is in competition with the normal protein – anion process 
which occurs at higher potentials. During CV where the potential is scanned 
from lower to higher voltages the surfactant – protein interactions occur first 
at ~ 0.4 V and the protein – anion interactions occur at ~ 0.9 V. In contrast to 
this when using AdSV the potential is held past 0.9 V from the beginning of 
the experiment allowing more time for protein anion interactions to occur. 
This may be a reasonable conclusion when looking at the data. Comparing 
Figure 5.3.10 to Figure 5.3.5 it can be seen that although the peak magnitudes 
are similar the shapes are noticeably different. The peaks are much more 
narrow and sharp when AdSV is used as compared to the wide peaks 
produced from CV. The sharp peaks are typical of what is observed in the 
absence of surfactant. Also when comparing Figures 5.3.9 and 5.3.10, it can 
be seen that when LSV is used with 0 s pre-concentration the processes 
involving the surfactant dominate. When considering the timescale the LSV 
allows half the time of a CV past 0.9 V, which again indicates that these two 
processes are competitive and time dependent. 
If it is the case, where the surfactant – protein interactions do not take place at 
higher potentials, it would imply that the surfactants are not going to provide 
as large an increase, if any, in the sensitivity of the system using stripping 
voltammetric type methods. Although the appearance of a second set of peaks 
might provide some use in terms of protein detection. 
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Figure 5.3.10: AdSV of 6 µM Mb in the presence of 10 mM NaAOT in the 
organic phase. Adsorptions time of 120s and 400s were used corresponding to 
the smaller and larger peak currents respectively. Scan rate is 5 mV s-1. 
 
5.4 Conclusions 
The impact of added surfactant on the electrochemical behaviour of proteins at 
the water-organogel interface was examined. The addition of surfactant to the 
organogel phase was seen to enhance the current magnitude associated with 
protein detection. From interface coverage considerations, this surfactant 
enhancement was ca. 17-fold, while the current due to protein desorption from 
the interface was amplified by six-fold. The protein was shown to adsorb at 
the interface and interact with the surfactant resulting in a large capacitance 
change due to a protein-surfactant layer at the interface. The effects of the 
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surfactant were shown to be consistent across a range of haem-containing 
proteins, all showing large increases in peak currents in the presence of added 
surfactant. Repetitive cyclic voltammetry for a fixed concentration of cyt c 
showed increasing peak currents with each scan, attributed to a build-up of 
this protein at the ITIES. Linear sweep and stripping voltametry were 
investigated in the presence of surfactant, where it was found that the 
surfactant – protein and protein anion interactions may be competitive 
depending on the applied potential and timescale of the experiment. AdSV 
showed a slight improvement in peak current compared to the CV equivalent 
but not substantial gain in sensitivity was observed. These findings provide 
the basis for use of surfactant-modified interfaces in the development of 
enhanced electroanalytical detection of proteins. However, the approach 
would need to be coupled with either a method for sample clean-up or a 
separation step for use with biological samples or in an industrial process. 
Capillary electrophoresis coupled with liquid-liquid electrochemistry may be 
one way in which the enhancing effect of surfactants can be employed.35 
 
 
 
 
 
 
 
144 
 
 
Chapter 6 
Voltammetric adsorption influenced 
protein aggregation at the ITIES  
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6.1 Introduction 
Cytochrome c (cyt c) is a globular protein containing a covalently bound haem 
group199. It consists of 104 amino acids200 and has a mass of 13 kDa179. The 
primary roles of cytochrome c are electron transport in the mitochondria 
relating to adenosine triphosphate (ATP) synthesis and apoptosis is 
vertebrates. Cytochrome c is known to form oligomers under certain 
conditions such as treatment with organic solvents and acids201, 202. The 
mechanism of cytochrome c polymerisation is still not fully understood. A 
recent study has determined the crystal structures of dimeric and trimeric 
cytochrome c complexes, which has shown that they polymerise through 
domain swapping of C-terminal helices from one cytochrome c molecule to 
another203. This study shows that the methionine 80 residue is dissociated 
from the haem group in order to facilitate the domain swapping.  
Some proteins under certain conditions can convert from their native form, 
into highly ordered fibrillar aggregates204. The formation of fibrils has been 
associated with many diseases and neurodegenerative disorders, such as 
Alzheimer’s, Spongiform encephalopathies, Huntington’s disease, Parkinson’s 
disease, spinocerebellar ataxia and type II diabetes just to name a few199, 204-
207. Research has shown that many globular proteins can form amyloid fibrils 
under conditions which induce denaturation 208, 209. It has also been proposed 
that the oligomeric intermediates of fibril formation are the species which are 
responsible for the associated neurodegenerative effects210, which is why it is 
of great importance to understand the mechanistic process of the progression 
from native proteins to amyloid fibrils. Amyloids are known to form in 
extracellular space and have been shown to destabilise the cell membrane206, 
this may make the liquid – liquid interface a suitable model for investigation 
in fibril formation and protein aggregation as it mimics one half of a 
phospholipid bilayer. Cytochrome c has shown to form amyloid fibrils when 
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its native fold is disrupted199. Kinetic effects of fibril formation have also been 
undertaken and studies of protein aggregation suggest that environments 
where protein crowding results in entropically favourable overlap of regions 
of the proteins giving rise to fibril formation211. 
The interface between two immiscible electrolytes provides a platform for the 
investigation into the behaviour of macromolecules based on ion transfer 
across the oil - water interface5. This label free method has been employed to 
investigate a range of biologically relevant molecules such as amino acids and 
peptides115, 120 and various proteins such as haemoglobin, myoglobin and 
lysozyme77, 79, 84, 148 . The proposed mechanism for detection of protein 
molecules at the ITIES is via facilitated ion transfer of the organic anion to the 
aqueous phase by complexation with the cationic protein73, 79. The primary 
objective of many investigations is to use the ITIES as the basis for detection, 
therefore the focus tends to lie in the area of achieving lower detection limits 
by miniaturising the interface15, 19, 84 and improving problems associated with 
sensing in complex matrices and selectivity issues  by employing 
ionophores29, 32, 70 or developing more complex flow cell techniques34, 89. 
There has been less focus on understanding the complex behaviour of proteins 
at such interfaces. How protein structure, stability, size, charge, 
hydrophobicity effects the electrochemical behaviour are less well understood. 
It has been shown that denaturation of the haemoglobin leads to a reduced 
electrochemical response at the ITIES82.  A recent study using spectroscopic 
methods showed that the structure and conformation of α – lactalbumin 
changed significantly when adsorbed at the oil-water interface86. Also its has 
been shown that proteins undergo a charge regulation process when adsorbed 
at such interfaces, indicating that the charge of the protein in bulk is not 
necessarily indicative of the charge of the molecules adsorbed at the 
interface87. Protein – protein interactions, which are likely to play a key role in 
the behaviour at the oil – water interface, and the effect of interfacial 
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concentration of adsorbed protein molecules has not been addressed.  Recently 
the technique of adsorptive stripping voltametry (AdSV) was applied to 
achieve low limits of detection for lysozyme at the µITIES88. The technique 
effectively pre-concentrates the protein at the interface by holding a fixed 
adsorption potential for a given time, enhancing the current response from the 
facilitated ion transfer process.  
Here we use AdSV as a method to investigate the effects of interfacial 
concentration on the electroactivity of cytochrome c at the polarised liquid-
liquid interface. By adjusting the time held at a fixed adsorption potential the 
interfacial concentration can be controlled, and therefore the voltammetric 
response can be attributed to a known concentration of adsorbed protein rather 
that relating it to the bulk concentration. This provides the basis for use of 
AdSV at the ITIES as a tool for investigation of protein aggregation. This 
technique has the potential to probe protein – protein interactions, protein 
aggregation and polymerisation and protein fibril formation. The results 
shown in this work indicate that the polymerisation of cytochrome c can be 
induced under electrochemical control based on controlled aggregation of the 
denatured protein at the ITIES.         
 
6.2 Experimental details 
6.2.1 Reagents 
All the reagents were purchased from Sigma-Aldrich Australia Ltd. and used 
as received, unless indicated otherwise. The gellified organic phase was 
prepared using bis(triphenylphosphoranylidene) tetrakis(4-
chlorophenyl)borate (BTPPA+TPBCl-, 10 mM) in 1,6-dichlorohexane (1,6-
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DCH) and low molecular weight poly(vinyl chloride) (PVC) 120. The organic 
phase electrolyte salt BTPPA+TPBCl- was prepared by metathesis of 
bis(triphenylphosphoranylidene)ammonium chloride (BTPPA+Cl-) and 
potassium tetrakis(4-chlorophenyl) borate (K+TPBCl-)121. Aqueous stock 
solutions of Cytochrome c (from equine heart) were prepared in 10 mM HCl 
(pH 2) on a daily basis and stored at +4 ºC. All the aqueous solutions were 
prepared in purified water (resistivity: 18 MΩ cm) from a USF Purelab Plus 
UV.  
6.2.2 Experimental set-up 
Once prepared as described in section 2.1.3 the gellified organic phase 
solution was introduced into the silicon micropore arrays via the glass 
cylinder, and the organic reference solution was placed on top of the gellified 
organic phase. The silicon membrane was then inserted into the aqueous phase 
(10 mM HCl or cytochrome c in 10 mM HCl. Voltammetric experiments were 
performed next, as previously described 79. Ultraviolet/visible (UV/vis) 
absorbance spectroscopy was carried out using a Perkin-Elmer Lambda 35 
instrument. The instrument was scanned in the range of 250 nm to 700 nm at 
the rate of 480 nm min-1. The slit width was 1 nm with a resolution of 1 nm. 
The sample was run in a 1 x 1 cm quartz cuvette. 
The setup used for the experiments comprised of a two electrode cell 122, with 
one Ag|AgCl electrode in the organic phase and one in the aqueous phase. The 
cell utilised in these experiments is shown in Figure 6.2.1, where x refers to 
the concentration of Cyt c. All potentials are reported with respect to the 
experimentally-used reference electrodes. The geometric area of the 
microinterfaces was 1.18 × 10−4 cm2. Cyclic voltammetry (CV), linear sweep 
voltametry (LSV), and adsorptive stripping voltametry (AdSV) were carried 
out at a sweep rate of 5 mV s−1, unless otherwise stated, and parameters such 
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as protein concentration, applied potential, and duration of the adsorption 
stage were varied. A thirty micropore array was employed for all experiments 
(described in section 2.1.3) 
 
 
 
Figure 6.2.1: electrochemical cell employed in these experiments 
 
6.3 Results and discussion 
6.3.1 Optimisation of adsorption potential using LSV 
Linear sweep voltammetry was performed with varying initial applied 
potentials in order to optimise the voltammetric signal obtained in the 
presence of cytochrome c (Figure 6.3.1(a)). This was done by measuring the 
peak current obtained in the presence of protein for corresponding initial 
applied potentials. The proteins adsorb under applied potentials, when Eapplied 
> E adsorbtion, where they undergo a facilitated ion transfer mechanism 
involving interactions with the organic phase anion, during the voltammetric 
scan, followed by desorption of the protein from the interface and back 
transfer of the organic anion79.  The LSV was performed by scanning from a 
 
150 
 
 
positive to a more negative potential, where the initial applied potentials were 
varied from a minimum 0.6 V to a maximum of 1.0 V. As can be seen from 
Figure 6.3.1 (b), the peak current obtained is dependent on the initial applied 
potential. An optimal response was obtained at 0.975 V, which resulted in a 
peak current of – 4.8 nA. It can be seen from Figure 6.3.1 (b), that below 
0.875 V no voltammetric response was obtained for cytochrome c due to 
insufficient amounts of adsorbed protein at the interface, and above 0.975 V 
the response is diminished as background processes dominate at this potential 
region and the organic anion can transfer without complexation to the protein.  
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Figure 6.3.1 (a):  LSV of 5 µM cyt c in 10 mM HCl, LSV potential initial 
potential from 0.6 V – 1.0 V, scan rate 5 mVs-1. The electrochemical cell is as 
outlined in Figure 6.2.1.  
 
Figure 6.3.1 (b): Plot of applied potential vs peak current obtained from 
measurements of peak heights from the LSV data represented in Figure 
6.3.1(a) 
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6.3.2 Adsorptive stripping voltammetry of cytochrome c 
The influence of adsorption time on the electrochemical response of 
cytochrome c was investigated by using adsorptive stripping voltammetry. 
This involves applying a fixed adsorption potential, (0.975 V), for a set time 
(0 s – 1800 s) which effectively pre concentrates the protein at the interface, 
the protein is subsequently “stripped” back off the interface by it’s desorption 
when the applied potential is swept back towards lower values88. Figure 6.3.2 
(a) shows the resulting AdSVs obtained in the presence of 1 µM cytochrome c 
at various adsorption times. Figure 6.3.2 (b) shows a plot of peak current 
versus adsorption time and Figure 6.3.2 (c) shows a plot of current at 0.975 V 
versus adsorption time. The current at 0.975 V is representative of the charge 
transfer processes which occur under the applied potential, which are the 
adsorption of the protein and transfer of the organic anion to the aqueous 
phase, some current due to background electrolyte transfer is also likely as the 
adsorption potential is near the edge of the electrochemical window . As 
previously stated the peak current of the linear sweep ca ~ 0.67 V is due to the 
desorption of the protein and back transfer of the organic anion from the 
aqueous phase to the organic phase. Therefore Figure 6.3.2 (b) and 6.3.2 (c) 
should be related as the processes are co-dependent. On this basis the expected 
result would be that the current at 0.975 V, Figure 6.3.2 (c), would increase to 
more positive values with increasing adsorption time, but what is observed is a 
decrease in the current until it plateaus after which it increases slightly. The 
peak current values, Figure 6.3.2 (b), are shown to increase, (become more 
negative), with increasing adsorption time until again it reaches a plateau after 
which it decreases slightly. Figure 6.3.2 (a) provides some insight as to why 
these perhaps unexpected results occur. It can be clearly seen that the 
background current where no charge transfer processes occur (Figure 6.3.2 
(a)), in the region from 0.6 V to 0.4 V, is changing dramatically with 
increasing adsorption time, from  -0.75 nA at 0 s, to  -5.57 nA at 1800 s 
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adsorption time. This is indicative of a change in the interfacial composition, 
likely due to non-desorbed protein. Also a small shoulder begins to emerge on 
the desorption peak at 0.65 V after times exceeding 600 s. This indicates a 
new process which is concentration dependant, as adsorption time is related 
directly to interfacial protein concentration. This process will be discussed 
further in following sections.  
 
 
Figure 6.3.2 (a):  AdSV of 1 µM cyt c in 10 mM HCl, adsorption potential of 
0.975 V, adsorption times from 0 s – 1800 s, scan rate 5 mVs-1. The 
electrochemical cell is as outlined in Figure 6.2.1.  
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Figure 6.3.2 (b): Plot of peak current from the desorption peak vs adsorption 
time, data obtained from results shown in Figure 6.3.2 (a) 
 
Figure 6.3.2 (c): Plot of current at 0.975 V vs adsorption time, data obtained 
from results shown in Figure 6.3.2 (a) 
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6.3.3 Influence of concentration on cytochrome c voltammetry 
AdSV of cytochrome c was performed using fixed adsorption times (0, 60, 
120, 300 s) while the concentration of the protein was varied (0.01 – 10.0 
µM), the plots of peak current vs concentration and current at 0.975 V vs 
concentration are shown in Figures 6.3.3 (a) and 6.3.3 (b). The minimum 
measurable reverse peak is observed at 0.5 µM for 0, 60 and 120 s adsorption 
times, whereas at 300 s adsorption time a peak is measurable at 0.25 µM. The 
desorption peak current follows the general trend of increasing in magnitude 
before tending to plateau. This indicates that there is a maximum amount of 
adsorbed protein possible before the interface becomes saturated.  The current 
at 0.975 V shows a general trend of increasing with concentration of cyt c, as 
more protein  is adsorbed at the interface there is more organic anion transfer 
to the aqueous phase. It remains unclear however, why the currents in Figure 
6.3.3 (b) are lower for increased adsorption time. It is possible that there is an 
effect of increased background ion transfer at higher adsorption times. As 
0.975 V is at the far end of the available potential window in the potential 
region where background electrolyte will begin to transfer. This complicates 
the process as at this potential there will be protein adsorption and 
complexation of the organic phase anion, as well as aqueous cation transfer 
and some organic anion transfer.  
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Figure 6.3.3 (a): Plot of peak current from the desorption peak vs adsorption 
time. Diamonds correspond to 0 s adsorption time, squares to 60 s, triangles to 
120 s and crosses to 300 s. The concentration of cyt c is from 0.01 µM to 10.0 
µM. The electrochemical cell is as outlined in Figure 6.2.1. 
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Figure 6.3.3 (b): Plot of current at 0.975 V vs adsorption time. Diamonds 
correspond to 0 s adsorption time, squares to 60 s, triangles to 120 s and 
crosses to 300 s. The concentration of cyt c is from 0.01 µM to 10.0 µM. The 
electrochemical cell is as outlined in Figure 6.2.1. 
6.3.4 Voltammetry of cytochrome c aggregates 
Figure 6.6.4 (a) shows the AdSV of 1 µM cyt c with an adsorption time of 300 
s. It can be seen that as the concentration of cyt c is varied from 0.01 µM to 
10.0 µM the desorption peak evolves from a single peak to a double and triple 
peak. The observation of up to three distinct desorption peaks points towards 
three different complexes undergoing facilitated ion transfer. Surface coverage 
calculations were carried out to relate the interfacial concentration of the 
proteins to the appearance of the single, double and triple peaks, which 
corresponds to 1.0 µM, 1.5µM and 7.5 µM bulk concentration of cytochrome 
c respectively. The calculations which are described in chapters 3 and 5, 
resulted in surface coverage’s of 56 pmol cm-2, 141 pmol cm-2 and 420 pmol 
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cm-2 for the 1.0 µM, 1.5 µM and 7.5 µM peaks.  Since there is only cyt c 
present in the aqueous phase the only reasonable explanation for this unique 
behaviour is that protein – protein interactions are affecting the complexation 
of the organic anion. Cytochrome c is known to form dimmers, trimers, 
tetramers and other higher order oligomers under certain conditions such as 
treatment with ethanol or with trichloroacetic acid201, 202, 212, 213. It has been 
shown that polymerisation of cyt c occurs by domain swapping at the C-
terminal helix but the mechanism of polymerisation remains unclear200, 203. 
The UV/Vis absorbance spectra (Figure 6.6. 4 (b)) shows that the Soret band 
is blue shifted from 411 nm in purified H2O to 395 nm in 10 mM HCl (pH 2). 
This blue shift would suggest the possibility of a four co-ordinate Fe in the 
haem group214,or certainly that the protein is denatured at this pH due to 
effects of the acidic environment213. This unfolded sate of cyt c into a highly 
expanded-denatured state is known as the D-conformer of the protein213.Cyt c 
has also been shown to form amyloid fibrils under incubation at 75 °C in mild 
alkaline conditions which denatured the protein and promoted aggregation199. 
Therefore under the experimental conditions applied here cyt c polymerisation 
or aggregation should be possible.  Since the multiple peaks are present only 
at higher interfacial concentrations of adsorbed protein, this would indicate 
that the adsorption process is inducing various forms of cyt c aggregates. 
Studies have shown that crowded environments strongly modify the 
association of macromolecules through attractive entropic interactions, which 
can cause protein aggregation and fibril formation206.It has also been shown 
that there is a single free energy of aggregation barrier controlling the addition 
of protein molecules to amyloid fibrils215. It is proposed that the evolution of 
the second and third voltammetric peaks in Figure 6.6.4 (a) correlate to 
electrochemically induced aggregation of cytochrome c into a polymeric 
aggregate at the ITIES. This would indicate that electrochemistry at the ITIES 
has the ability to resolve between protein conformers based on adsorption and 
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ion transfer processes. This provides the possibility for a new avenue of 
research using the ITIES as a platform to investigate protein aggregation and 
fibril formation.  
 
  
Figure 6.6.4 (a): AdSV of 1 µM cyt c in 10 mM HCl, adsorption potential of 
0.975 V, adsorption times from 300 s. Concentrations of cyt c from 0.01 µM 
to 10.0 µM. Scan rate 5 mVs-1. The electrochemical cell is as outlined in 
Figure 6.2.1.   
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Figure 4 (b): UV/Vis absorbance spectra of 10 µM cyt c in (a) 10 mM HCl 
and (b) H2O (18 MΩ cm) 
6.4 Conclusions 
The electroactivity of cytochrome c at the ITIES investigated using adsorptive 
stripping voltammetry. The optimum adsorption potential was determined to 
be 0.975 V, below 0.875 V no voltammetric response was obtained for 
cytochrome c due to insufficient amounts of adsorbed protein at the interface. 
The effects of adsorption time and bulk concentration of cytochrome c were 
investigated and it was shown that the voltammetric response for the 
desorption peak tends to reach a plateau indicating that there is a maximum of 
adsorbed protein possible due to a saturation of the interface. It was found that 
at longer adsorption times, which result in larger concentration of adsorbed 
protein, a single voltammetric response developed into a double and triple 
peak which corresponded to surface coverage’s of 56 pmol cm-2, 141 pmol 
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cm-2 and 420 pmol cm-2. This result is attributed to the formation of polymeric 
complexes of cytochrome c which are induced by aggregation at the interface 
under denaturing conditions. These conditions where the protein is denatured 
and aggregation is induced are analogous to those needed to form amyloid 
fibrils. These results provide the basis for adsorptive stripping voltammetry to 
be used as a tool to investigate the formation of amyloid fibrils and the effects 
of protein aggregation.  
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Chapter 7  
Conclusions and future perspectives 
7.1 Conclusions 
Ion transfer electrochemistry at the polarisable liquid – liquid interface has 
been successfully utilised to study the behaviour of biomolecules. The focus 
of the work presented can be divided into four significant topics. 
(1) The investigation into the fundamental behaviour of a protein, 
myoglobin, at the ITIES. 
(2)  The development of techniques to achieve selective detection of a 
protein in more complex samples such as protein mixtures.  
(3) Modification of the organic phase composition with addition of 
surfactant molecules and an investigation into their interactions with 
proteins. 
(4) The potential dependant adsorption of a protein, cytochrome c, and 
electrochemical characterisation of its properties under varying 
adsorption conditions. 
(1) Myoglobin was investigated using voltammetry and was shown to have a 
linear response to protein concentration from 1 – 6 µM. It was found that the 
protein produces an observable electrochemical response only when the pH of 
the aqueous phase is sufficiently low that the protein is cationic. The protein 
was shown to adsorb at the interface, which is indicated by its disruption of 
TEA+ transfer across the interface. By increasing the ionic strength of the 
aqueous phase it was found that the protein peaks increase in magnitude and 
became more distinct, which is attributed to the salting out effect. It was found 
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that using a more hydrophobic organic anion shifts the peak potential for the 
protein response to a more positive value. UV/vis spectroscopy indicated that 
the protein was likely to be partially denatured at lower pH observed by loss 
of the Soret band from the spectra. These results illustrate an electrochemical 
characterisation of the behaviour of a model protein at the ITIES and provide 
a useful platform for which further investigations can be compared against.   
 
(2) Three different approaches were investigated, with the aim to develop 
methods for selective detection of protein at the ITIES. The electroactivity of 
polypeptide amylin was investigated, where it was found that due to its iso-
electric point it was positively charged at physiological pH. This allowed the 
detection of amylin at physiological pH, which has a slight reduction in 
sensitivity as compared to the analogous experiment when using a more acidic 
pH. Being cationic at pH 7.4 allowed for the selective detection of amylin in 
the presence of two proteins, haemoglobin and myoglobin.  
The adsorptive stripping voltametry of insulin and albumin was investigated at 
the ITIES. It was found that the two proteins had adsorption maxima at 
different applied potentials of 0.9 V and 0.975 V respectively. It was found 
that at 0.9 V albumin showed a minimal electrochemical response. This 
allowed for the selective detection of insulin in the presence of albumin by 
applying a fixed adsorption potential of 0.9 V where only insulin will be 
adsorbed to the interface and undergo facilitated ion transfer resulting in the 
voltammetric peak. Insulin was detected from 1 – 6 µM in the presence of 1 
µM albumin. 
The final investigation into methods of selective protein detection involved 
incorporating antibodies into the aqueous phase. A characterisation of the 
behaviour of anti albumin and albumin at physiological pH resulted in no 
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observable electrochemical response. The anti-BSA also showed no 
significant response at low pH. At pH 2 the albumin gives a small but 
reproducible voltammetric peak. Interestingly when the anti albumin and 
albumin are combined at low pH an increase in peak current at ~ 0.9 V is 
observed, which increases over time. This may be due to non specific 
interactions between the antigen and antibody. 
These results provide a several different approaches towards achieving 
selectivity at the ITIES. 
(3) The effects of an anionic surfactant, present in the organic phase, on 
protein electrochemistry were investigated. The mechanism was probed by 
using the surfactant as a replacement for the conventional electrolyte anion, 
which showed a new adsorption process was achieved when the surfactant 
was present with the protein.  When the surfactant was present as its sodium 
salt it was found to increase the peak currents for myoglobin 6-fold and the 
surface coverage increased 17-fold. This was attributed to enhanced 
adsorption of the protein in the presence of surfactant. Repeated cycling of 
CVs for cytochrome c showed successive increases in peak currents, whereas 
for myoglobin and haemoglobin the cycling produced relatively reproducible 
voltammetry. 
 
(4) The adsorption behaviour of cytochrome c at the ITIES was investigated, 
in particular the effects of bulk concentration and adsorption times were 
studied. It was found that the peak currents tended towards a plateau in all 
cases. This is likely due to the ability of a finite amount of material to be 
adsorbed at the interface. It was found that when both the concentration and 
adsorption times are increased sufficiently high, new features in the 
voltammetry are observed, where a single peak evolves to a double peak, then 
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to a triple peak. This unusual result is possibly due to the formation of 
aggregates of polymeric protein compounds at the ITIES, which are induced 
by the low pH and high molecular packing of proteins under applied 
potentials.  
 
7.2 Future perspectives  
The use of electrochemistry at the ITIES as a method for biomolecular 
detection is one of the key driving forces behind the research presented in this 
thesis. In recent years there has been much development in this area, although 
further investigations and understanding of the processes which underlie 
electrochemistry at the ITIES are needed to put this technology in a position to 
compete with the more established methods for biomolecular detection. With 
that in mind there are a few important areas which would require attention.  
Firstly, while knowledge of the fundamental behaviour of proteins at the 
electrified liquid – liquid interface has improved significantly since the 
concept was first introduced there is still further work to be done in this area. 
The current proposed mechanism for detection, which applies to most 
proteins, is the facilitated ion transfer mechanism. This utilises the interactions 
between the protein and the organic anion as the detection method in the 
electrochemical experiments. Little is known about the nature of these 
interactions and a more detailed knowledge could lead to the development of 
better anions to complex with the proteins, which perhaps could improve the 
sensitivity and selectivity for a protein.  
Following from that, this leads to a key area relating to selective detection of 
proteins. A real challenge in the area of protein detection at the ITIES is 
detection of a protein in a complex mixture or real biological samples such as 
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blood. Presented in this thesis are several approaches towards selective 
detection, but there are improvements needed to successfully apply these 
techniques in real samples. The approaches centre around two concepts, 
tuning of the experimental conditions and addition of a molecule that will help 
attain selectivity. There are certainly many possible avenues which could be 
explored to attain chemical selectivity of a protein. Addition of ionophores, 
antibodies or antibody fragments, protein binding anions, surfactants, 
aptamers and cellular receptors are all merit exploration. 
 In terms of the experimental conditions it is clear that simple changes such as 
adjusting the pH or selection of an appropriate adsorption potential can 
dramatically change the observed electrochemistry. It must also be considered 
that no one technique or set of conditions will solve every problem. Each 
target biomolecule comes with its own unique properties and challenges, thus 
it is imperative that suitable target biomolecules are chosen based on their 
inherent properties, an example of which is amylin. Due to its physiochemical 
properties alone it was possible to detect amylin in the presence of a mixture 
of proteins at physiological pH.   
The majority of work at the ITIES employs little to no sample preparation or 
pre-treatment and the ability to detect biomolecules without labelling provides 
scope for the use of this technique in point of care applications. However 
some challenges relating to selectivity and sensitivity may be addressed if the 
ITIES were used in combination with other techniques. Coupling 
electrochemistry at the ITIES with capillary electrophoresis, liquid 
chromatography or mass selective filtration steps has the potential to lead into 
new areas of research.  
The other main attraction of the ITIES is that it can be used to understand 
fundamental processes which occur at the oil – water interface, which is 
essentially a simple model for half of a phospholipid bilayer membrane. A 
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better understanding of the fundamental processes which occur at the ITIES 
may help improve the understanding of the ion and electron transfer processes 
which occur across the cell membrane. It was shown that adsorption of the 
proteins at the ITIES can produce unusual voltammetry, which was proposed 
as formation of protein aggregates at the interface. There is further work to be 
done in this area to identify the nature of the protein molecules at the 
interface.  It is unknown how the more highly crowded conditions of adsorbed 
layers at the interface affect the protein structure and protein – protein 
interactions. Further knowledge of these aggregated protein interactions could 
lead to a better understand of the conditions which lead to fibril formation. 
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Appendix A 
  
Preparation of BTPPA+TPBCl- and of BTPPA+TFPB-electrolytes 
 
Chemicals: 
Potassium tetrakis(4-chlorophenyl-borate)   (K+TPBCl-) 
Bis(triphenylphosphoranylidiene)ammonium chloride   (BTPPA+Cl-) 
Sodium tetrakis(4-flourorophenyl) borate (Na+TFPB-) 
De ionised water (H2O) 
Methanol (MeOH) 
Acetone 
 
Reaction: 
BTPPA+Cl- + K+TPBCl-  BTPPA+TPBCl- + K+Cl- 
The reaction stoichiometry of the metathesis reaction is 1:1, where 1 mole of 
BTPPA+Cl- reacts with 1 mole of K+TPBCl-. 
Procedure: 
 1.157 g of BTPPA+Cl- is dissolved in 10 mL of H2O/MeOH (1:2 v/v) 
solution. 
 1 g of K+TPBCl- is dissolved in 20 mL of H2O/MeOH (1:2 v/v) and 
stirred by magnetic stirrer on a hot plate. 
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 The solution of BTPPA+Cl- is added dropwise to the K+TPBCl- 
solution, upon addition a white precipitate is formed. 
 The product is filtered using a Buchner funnel and washed with 10 mL 
of H2O/MeOH (1:2 v/v). 
 The product BTPPA+TPBCl- is placed in a dessicator overnight. 
 Once dried the product is washed on a Buchner funnel with 10 mL of 
acetone and 10 mL of H2O. 
 The product is put into the dessicator overnight. 
 The final product is stored in a glass vial covered in aluminium foil to 
prevent degradation by light and stored at 4 °C in a refrigerator.   
 
Reaction: 
BTPPA+Cl- + Na+TFPB-  BTPPA+TFPB- + Na+Cl- 
The reaction stoichiometry of the metathesis reaction is 1:1, where 1 mole of 
BTPPA+Cl-  reacts with 1 mole of Na+TFPB-. 
Procedure: 
 1.275 g of BTPPA+Cl- is dissolved in 10 mL of H2O/MeOH (1:2 v/v) 
solution. 
 1 g of Na+TFPB- is dissolved in 20 mL of H2O/MeOH (1:2 v/v) and 
stirred by magnetic stirrer on a hot plate. 
 The solution of BTPPA+Cl- is added dropwise to the K+TPBCl- 
solution, upon addition a white precipitate is formed. 
 The product is filtered using a Buchner funnel and washed with 10 mL 
of H2O/MeOH (1:2 v/v). 
 The product BTPPA+TFPB- is placed in a dessicator overnight. 
 Once dried the product is washed on a Buchner funnel with 10 mL of 
acetone and 10 mL of H2O. 
 The product is put into the dessicator overnight. 
 The final product is stored in a glass vial covered in aluminium foil to 
prevent degradation by light and stored at 4 °C in a refrigerator.   
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Appendix B 
  
List of chemicals Purity Product 
number 
Supplier 
Acetone 99.5 % 1090 Univar 
Albumin (from bovine serum) > 98 % A7906 Sigma - Aldrich 
Amylin (from rat) - H-9475 Bachem 
Bis(triphenylphosphoranylidiene)
ammonium chloride 
97 % 223832 Sigma -Aldrich 
Cytochrome c (from equine heart) > 95 % C2506 Sigma -Aldrich 
1,6 – dichlorohexane 98 % D63809 Sigma -Aldrich 
Haemoglobin (from equine heart) - H2500 Sigma -Aldrich 
Hydrochloric acid - 31087 Sigma -Aldrich 
Iron (III) chloride 97 % 157740 Sigma -Aldrich 
Lithium chloride > 99 % 62478 Sigma -Aldrich 
Methanol 99.8 % 1230 Univar 
Myoglobin (from equine heart) > 90 % M1882 Sigma -Aldrich 
Poly(vinyl chloride), low 
molecular weight  
- 81388 Sigma -Aldrich 
Phosphate buffer saline - 79382 Sigma -Aldrich 
Potassium tetrakis (4-
chlorophenyl) borate 
> 98 % 60591 Sigma -Aldrich 
Sodium chloride > 99.5 % 71380 Sigma -Aldrich 
Sodium hydroxide > 98 % S5881 Sigma -Aldrich 
Sodium tetrakis(4-
flourorophenyl) borate  
> 97 % 72014 Sigma -Aldrich 
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dihydrate 
Tetraethyl ammonium chloride > 98 % T2265 Sigma -Aldrich 
 
 
 
 
 
 
 
 
